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I. PROGRAM SLMMARY 1969-73

A. Most Significant Accomplishments

1.

The establishment of a totally interdisciplinary effort in which the
areas of physiology, psychology, and engineering interface to provide
an optimsl research capability., This interdisciplinary effort has also
provided a major impact on the research and teaching capabilities of
this University's Biomedical Engineering Program.

2. Development of a center of excellence as a resource for support of
the DOD mission.

3. Establishment of effective communicatica links and collaborative
efforts among other Air Force Contractors and Air Force Research
Laboratories to provide continuing two way flow of information.

4. Organization and presentation of the first naticnal symposium on
Chronically Implanted Cardiovascular Instrumentation, and puuvli-
cation of the results by Academic Press.

S, Development of a Standard Experimental Preparation (SEP) for eval-
uation of the Physiological and Biomechanical responses to environ-
mental stresses. The SEP includes awake and anesthetized animals
with acutely and chrenically placed instrumentation providing

a broad range of variables appropriate for analysis of the effects

W

of single and multiple stressful stimulil.

6. Implementation of the SEP for study of awake, chronically instru-
mented animals exposed to vibration stress, the first series of in-
vestigations of this type to be reported.

7. Combining the capabilities supported by this contract with additional
gupport from the Vibration Branch, Wright-Patterson AFB, to measure

multiple physiological variables in a monkey performing a tracking

-—
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10.

11.

12.

task. Preliminary results were described in a Technical Report
published by the Vibrations Branch and a second Technical Report

1s in press.

Determination of the facts that (1) a major factor underlying the
cardiovascula: effects of vibration in dogs is peak net transmitted
force; (2) maximum force transmission in dogs and monkeys is in the

3 to 6 Hz range for acceleration levels of 1G and above; (3) use of
frequency, displacement, or acceleration alone does not give the
consistent response pattern observed with peak net force as the para-
meter; and (4) with repeated exposure, force transmission and hear*
rate extremes decrease, just as in human subjects.

Development of a closed-loop, distributed parameter computer model
which accounts for some of the wave characteristics of transient

flow and for the motion induced in the circulatory system by vibra-
tion,

Development of a novel approach for quantifying the ccefficients of

a two-mass, single-degree-of-freedom,bio-vibrational model and Jdemon-
stration of its wvalidity for predicting the mechanical impedance of
the sitting primate during sinusicdal vibration.

Demonstration in the intact left ventricle that the elastic modulus
(E) 1s a linear functior of the mean tangential stress (o) through-
out isovolumetric systole, and the slope (K, modulus of etiffness)

of the E vs. ¢ curve is 18.8, with one standard deviation of 0.9,
This is the first known evaluation of the relationship between the
elastic modulus and the mean taengential stress of canine cardiac
muscle,

Demonstration of the relationship between a decrease in the amplitude
of the somatosensory cortical evoked potential and the development

of 1irveversible hemorrhagic shock.

=
£
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C. Summary of Experimental Program

0f the varicus stresses imposed uponn subjects performing critical tasks,

time dependent accelerations (vibration) can produce some of the greatest dis-

comfort and decrements in performance. The effects of this stress on the car-

diovaaculer system are being investigated at this laboratory. Instrumented

animals are used to evaluate the cardiovascular changus produced by whole body,

sirusoidal vibration. Experiments are designed to evaluate the role of the five

major mechanisms which current evidence indicates are the main factors produc-

ing these changes. The mechauisms {umportant for vibrational stre.s of a given

frequency, displacement, acceleration, tranemitted forcc, axis, and duration are:

1. Reaction of the fluid and vessel system as determined by its mass,

elastic, and damp’ng characteristics.

Reaction of large hody organ systems and the musculeskeletal sys-
tem as determined by their mass, elastic and damping characteristics.,
Reaction of the mechanoreceptors of the cardiovascular regulatory
system as dctermined by the relatilionships to the fluid and vesgsel

system, large body organ systems, and the musculoskeletal system

and its mechancreceptors.

&

Reaction of the endocrine, metabolic - hematological system zs deter-

mined by che relationships to the musculoskeletal and large body

organ systems.

Response mediation of the central nervous syscem and the psychophysio-

logical oystem of conscious aubjects acting through the above pathways

to produce furtier alterations in metabolic and cardiovascular functien.
-~Cardiovascular, hewatological, and mechanical variables are used to evalu-

ate the overall stress level and the role of the above mechanisms.

Anesthe-

tized and avike animals are used for both ghort and long term (30 sec. to 6 hr.)

vibration stress exposures.
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General Experimental Protocol:

Responses of acutely and chronically instru-

mented dogs, rrimates and pigs have been studied. Special emphasis has been

rlaced on the chronirally implanted preparation which permits repeated awake

and anesthetized tests on the same animal. Additional advantages include
the closed chest protocol and more stable transducer characteristics, espe-
cially important for the vibration environment. Animals are restrained on
the hydraulic table with the spine vertical, and vibrated along that axis.

Short term tests consist of sequential exposures to sinusoidal -{t.ation of
2-12 Hz and acceleration amplitudes ranging from 0.5 G to 3.0 G for 30 sec.,

2 min., and 5 min. intervals. Long term exposures include durations vary-

ing from 30 min. to 6 hrs. at a selected vibration frequency and constant

acceleration amplitude. The highest g-level for the awake animal is 1.5 g,

and lor the anesthetized animal is 3.0 g. The cardiovascular variables in-

clude heart rate, flow velocity from the aorta and peripheral arteries, ar-
terial pressures from acceleration-insensitive intraacrtic and intraventri-
cular transducers, 02 consumption and body temp. and blood chemistries such
as blood gaeses, cortisol, free fatty acids, and glucose, neasured on samples
wvithdrawn from indwelling atrial and arterjal catheters. The design of the

vibration exciters permits recording of force transmitted between subject and

table, and also the vibration exclter velocity. From these variables and thei
phase relationship, complex mechanical velocity impedance can be determined.
In addition, accelerometers implanted on large body organs provide information

on the displacement of these organs reiative to the animal torso and the input

vibration. A Raytheon 704 data acquisition system is being programed for off-

line and on-line analysis of the massive amount of cardiovascular and mechanical

data. Additional aspects cf the research program include analog and digital

computer silmulation of the effects of sinusoidal vibration on the hydraulic

r
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and mechanical aspects of the cardiovascular system., The results from the com-

s Wi d

puter study guide the planning of animal experiments and aid in the analysis of

; experimental data.

Regults

s

A. Short term exposure: In an cffort to identify the parameters of vibration

whicli may serve best as an index of stress to the cardiovascular system, special

L

emphasis has been given to the role of the peak net force (PNF) transmitted be-~
twecn the animal and vibration exciter. A whole body resonance at 3-4 Hz was

found for seven awake dogs tested at 1G acceleration amplitude. At this frequency

A ———

(f), peak net force was about 1.7 times the body weight. For frequencies up to

and including 6 Hz, the animal still transmitted a p2ak force greater than body

(L L)

weight (BW). Beyond 6 Kz this force continually decreased until at 30 Hz a
peak force of only about 15% of body weight resulted. The effects of anesthesia
as reflected in the force transmission data show, in general, that the anes-
thetized animal trausmits approximately 30% more force at resonance and has a

resonant frequency 1 to 2 Hz lower than the awake animal. At higher frequencies

there have been no consistent force transmission differences between awake and
; anesthetized dogs. When the percent change in mean aortic flow (MAF) for the awake

dogs was plotted versus PNF/BW, a linear relationship was found. Changes in MAF

(L

ranged from ~30 to +150%. At this time, it appears PNF/BW describes best the

changes in MAF, with only secondary correlations existing for frequency, acceleration
and displaccaent. The mechanisms responcible for these changes in dogs (7 dogs,

10 experiments) can be provisionally catalogued as follows:

1. Changes in mean heart rate (MHR) and relatively small changes in

stroke volume: Data from three tests showed a linear relationship
between % change in MHR and peak net force, with stroke volume

relatively unchanged.
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Changes in stroke volume (SV) and relatively small changes in MHR:
Data from four tests showed a linear relationship between 7% change

in stroke volume and peak net force, with % change in MHR relatively

unchanged.

-

3. Equal changes in MHR and stroke volume: Data from three tests showed

i linear relationship between both % change in MHR, and % chenge in

é stroke volume and peak net force.

Furthermore, the type of changes in MAF could be correlated with pre-~vibra-
. tion values of MHR and SV. For example, if the previbration MHR was low, in-
creases in MAF occurred principally by an increase in HR. (Catego}y 1. 1f,
however, previbration MHR was high, increases in MAF resulted from an {increase
in SV. (Category 2).

Similar observations were made for the data of the anesthetized dogs except
that Category 3 was not as evident and that the previbration anesthesia profile
also influenced th: data. 7The slope of the line of MAF vs PNF/BW (best fit) for
the data frem 10 tests on 7 awake dogs and 7 anesthetized dogs was analyzed. For
those experiments in which increases in MAF were produced principally by increases
in SV, no significant differences were found between awake and anesthetized dogs run
on the same vibration r2sts. When an increase in MHR was used to increase MAF,
the slope of the line ot MAF vs (PNF/BW) for the awake animals was 67% higher than
that of the anesthetized animals data. Changes in MAF were found also to vary

linearly with the log (MHR/vib. freq.).

In addition, transmissibility of the root of the aorta was found to be lin-~

1

early related to FNF/BW, extremely dependent on vibration frequency, and to have

gala

a resonance at approximately &4 Hz, at which frequency the applied vibration ampli-

ahe

tude (acceleration) was amplified approximately 2.4 times.
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B. Long term exposure: For 90 z’n. exposures at a constant frequency and G
level, no consistent changes in MAF were observed. The fluctuations which
occurred over time were mwore numerous at 4 Hz (0.75G; than at 6 or 10 Hz. Of
the limited tests performed, one out of 5 awake dogs changed MAF through signif-~
icant changes in MHR and lesser changes in SV. Two out of five dogs changed
MAF through significant changes in SV and lesser changes in MHR. No comsistant
changes in PNF/BW vs time were observed. Similarly, no d2finite trends were
seen in tracking monkeys repeatedly exposed to multiple frequencies np to 3
hours duration.
C. Computer Model: A lumped parameter model was used to aid in determining
the passive mechanical and hydraulic contribution to the total physiolngical re-
sponse of the awake dogs tu vibration. The effects of vibration are modeled by
pressure source terms generated from values of the vibration g-level or result-
ing transmitted force. These pressure disturbances propagate and reflect, adding
and subtracting with the prescsure generated by the action of th2 heart, and as
a result produce changes in flow as well. The value of PNF/BW vs f from the
animal experiments was used to esiablish the values of the source terms for the
different simulated vibration frequencies. Heart rate was varied in the model
as observed in the animal experiment. The computer respongz of MAF vs PNF/BW
was similar to those of the animal experiments with the actual % change values
close to those found fcr the anesthetized dogs, in which SV remained relatively
constant and HR changed, e.g. maximum X change in MAF was approximately 25%.
Discussion:

From a preliminary analysis of the data, it appears that of the changes in
MAF (via changes in SV) of awake and anesthetized dogs subjected to vibration,
approximately 60 to 70% is due to one or a combination of the mechanisms 3, 4
and 5 {l.e. reaction of mechanoreceptors of the cardiovascular regulatory sys-
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remaining 30 to 40% due to mechanisms 1 and 2 (i.e. reaction of the fluid vessel
system, and the large body organ and musculoskeletal system)}. A comparison of

the computer model studies with the anesthetized animal data in which changes in
MAF were produced principally by changes in MHR, indicates that this anestheticed
preparation, to the first approxiration, responde as a passive '"mechanical" sys-
tem. %urthermore, the correlation of MAF with the ratio of heart frequency/table
freqiency suggests the influence of the phase relationship between the heart cycle
and the vibration cycle (through the pathways of mechanism 1) in producing changes
in MAF.

Analysis of these data indicates that in addition to the passive mechanical
aspects, substantial changes are produced by other regulatory feedback mechanisms
sengitive to vibrations. These vibration receptors may lead to sympathetic stimu-
lation and/or possible heterometric regulation in the heart. The relative role
of these various active mechanisms in producing changes in MAF is certainly not
clear at this time. However, similar interactions between HR and SV in generat-
ing MAF as observed for these vibration studies have also been described for ex-
ercise. It will be of value to investigate this point further. Nevertheless,
the uge of awake animals for assessing the effects of vibrational stress on the
cardiovascular system has been found most valuable. In addition, PNF/BW is an
especially important parameter in assessing changes in MAF during vibrational
stress. It is recommended that future studies should investigate the neural and
mechanical mediation invelved in the response of the cardiovascular system to vi-

bration.
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I1. PROGRESS REPORT 1972-73

A. Introduction

Of the varicus stresses imposed upon subjects performing critical tasks,
time dependent accelerations (vibration) can produce some of the greatest dis-
comfort and decrements in performance. The effects of this stress on the
cardiovasculcer system are being investigated and are the subject of this re-
port. Instrumented animals are used to evaluate the cardiovascular changes pro-
duced by whole body, sinusoidal vibration. Experiments are designed to eval-
uate the role of the five major mechanisms which current evidence indicates are
the main factors producing these changes. The mechanisms important for vibra-
tional stress of a given frequency, displaceaent, acceleration, transmitted
force, axis, and duration are:

1. Reaction of the fluid and vessel system as determined by its mass,
elastic, and damping characteristics.

2. Reaction of large body organ systems and the musculoskeletal sys-
tem as determined by their mass, elastic and damping characteristics.

3. Reaction of the mechanoreceptors of the cardlovascular regulatory
system as determined by the relationships to the fluid and vessel
system large body organ systems, and the musculoskeletal system
and its mechanoreceptors.

4. Reaction of the hormonal, metabolic - hematological systems as deter-
mined by the relationships to the musculoskeletal and large body organ
systems.

5. Response mediation of the central nervous system and the psychophysio-
logical system of conscious subjects acting through the above pathways
to produce further alcterations in metabolic and cardiovasculiar function.

A proposed model of the interaction of these five mechanisms is 1llustrated

in the block diagram of Figure 1. Cardiovascular, metabolic, hematological, and
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mechanical variables are used to evaluate the overall stress level and the

role of the above mechanisms. The following 18 a review of the available
information on the relationship hetween the mechanical and physiological

responses in animals and man exposed to vibrational stress.

Vibration Parameters: Any given vibration is characterized by its frequency,
displacement, velocity, acceleration and waveform. While these parameters may
define the vibration applied to a subject, they are not necessarily transmitted
equally to all parts of the subject. For example the head might well vibrate
with a displacement, velocity, acceleration, and waveform vastly difierent from
that applied at the subject-vibration exciter interface. Thus, while certain
parameters define the applied vibration, other parametcers, dependent upon the
properties of the vibrated subject, are necessary to characterize the response
of the subject to the applied vibration. Such parameters include the trans-
mitted force at the sutject~-vibration exciter interface, regonant frequencies
(those frequencies corresponding to the maxima of total, integrated whole-body
displacement with respect to the applied displacement), and the transmissibility
of a particular body segment (transmissibility is defined simply as the ratio
of the vibration amplitude of any given segment, e.g. the head, heart, shoulder,
etc,, to the applied vibration amplitude, measured at vibration exciter).

When attempting to determine the vibration response of any system the ini- !%W
tial question arises as to what scheme of applied vibration parameters should %
be used? Consider the case of sinusoidal vibration where the displacement (x) ;
is x = X sin wt, the velocity (v) ig v = x W cos wt and the acceleration (a)
is a = X v gin wt, The peak acceleration amplituge relative to the gravita- %

tional constant g is often times written as a = ¥o¥ and referred to as "G

8
level'.

Some investigators favor applying various vibration frequencies each hav-

ing the same displacement amplitude, i however, for this approach as fre

WO sl 1y
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increases the peak acceleration, a, increases with frequency squared. There-
fore going from 1 to 10 Hz requires a peak acceleration 100 times greater at
10 Hz than at 1 Hz. Thus, this approach necessitates a very low acceleration
amplitude at the lowest frequency in order to avoid lethal accelerations at
the higher frequencies. A similar, but less extreme, condition results by
applying different frequencies each with the same peak velocity, X W For
this case as .he frequency 1s increased the displacement amplitudc must be
reduced inversely with the frequency and the acceleration amplitude will in-
crease linearly with frequency. The most comr-n method employed by biovibra-
tory investigators has been to apply various frequencies each having the same
acceleration amplitude, Xo¥ . For increasing frequencies, this approach re-
quires decreasing the displacement amplitude by the inverse frequency squared.
For any given peak acceleration the largest displacement amplitude is therefore
.equired at the lowest frequency, and aecreases rapidly with increasing fre-
quency. From a mechanical viewpoint this constant peak acceleration approach
has two important advantages; namely (1) mechanical measurements can be com-
pared directly to the response of an "inert'" mass of weight equal to that of
the subject, since in this case the peak force transmitted between the vibra-
tion excliter and the imaginary inert mass i¢ independent of frequency, and

(2) Yrom a practical view point, the displacement, velocity, and acceleration
limits of the vibration exciter are not as easily exceeded using this approach
as compared to applying various frequencies at either a constant displacement
or velocity amplitude. Further information pertinent to this discussion is
given by Lange and Edwards (1970).

A unique feature incorporated with the Wenner-Gren Research Laboratory's
vibration exciters 1s a force measurement unit (force cell) which, during vi-
bration, provides an analeog output voltage proportional to the net force trans-
miczion bhetween e

rha Mg,
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increases the peak acceleration, a, increaces with frequency squared. There-

- fore golng from 1 to 10 Hz requires a peak acceleration 100 times greater at

1G Hz than at 1 Hz. Thus, this approach necessitates a very low acceleration
amplitude at the lowest frequency in order to avold lethal accelerations at
the higher frequencies. A similar, but less extreme, condition results by
applying differert frequencies each with the same peak velocity, X We For
this case as the frequency 1s increased the displacement amplitude must be
reduced inversely with the frequency and the acceleration amplitude will in-
crease linearly with frequency. The most common method employed by biovibra-

tory investigators has been to apply various frequencies each having the same
2

acceleration amplitude, XV

g
quires decreasing the displacement amplitude by the inverse frequency squared.

For increasing freavcacies, this approach re-

For any given peak acceleration the largest displacement amplitude is therefore
required at the lowest frequency, and decreases r:-7idly with increasing fre-
quency. From a mechanical viewpoint this cons:ant peak acceleration approach
has two important advantages; namely (1) mechanical measurements can be com-
pared directly to the response of an '"inert' mass of weight equal to that of
the subject, since in this case the peak force transmitted between the vibra:-
tion exciter and the imaginary inert mass is independent of frequency, and
(2) from a practical view point, the displacement, velocity, and acceleration
limits of the vibration exci<er are not as easily exceeded using this approach
as compared to applying various fraquencies at either a constant displacement
or velocity amplitude., Further informition pertinent to th.s discussion is
given by Lauge and Edwards (1970).

A unique feature incorporated with the Wenner-Gren Research Laboratory's
vibration exciters is a force measurement unit (force cell) which, during vi-
bration, provides an analog output voltage proportiocnal to the net force trans-

mission between subject and restraint, i.<. the 'live-load" force transmission
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occurring at the animal-seat interface, Sharp (1963). The force transmitted
between animal and support (restraint) during vibration reflects the relative
movement of internal body organ systems and parts. Correlations of large
transmitted force values to corresponding changes in circulatory parameters
can indicate that movement of intermal svstems caused the observed circula-~
tory changes via vessel occlusion, mechanical stimulation of the heaxt and/
or vessels, reciprocating internal pressures, mechanical stimulation of regu-
latory receptore, etc.

Literature Review: Numerous iave-tig: “ions have been concerned with establish-

ing the mecuanicsl response of man and animals to whole-body mechanical vibra-
tion. Coermann (1962} applied the ctheory of mechanical impedance of systems
with one or more degrees of freedom to sitting and standing man vibrated at
frequencies from 1 to 20 Hz., Ile was one of the first investigators to demon-
strate that the force transmission response of man to whole-body vibration

could be approximated by that of a simple mechanical system consisting of inter-
connected linear inertial, elastic, and dawmping components. Experimental data
confirmed results predicted by his model, i.e., that man had a primary whole-
body resonance in the 4 to 8 Hz frequency range. Thus, it was quantitatively
established that vibration frequencies between 4 and 8 Hz induced the greatest
internal body organ wmovement relative to that input to the body by the vibra-
tion exciter. White, et al. (1962) reported the effects of mechanically induced
vibration upon the human abdomen by measuring the pressure at the rectal end

of the colon sigmoideum. For the semi-supine posture a mean ''peak-to-peak'
vibration induced fluctuation of 57 =mmHg at 4 and 4.5 Hz was recorded. The
pr.ssure resonances were corrclated to resonances of body organs in the thoraco-
abdominal region. Clark et al. (1963) determined the effects of forced vibra-
tion by measuring from semi-supine man the circumferential body strain of

, and thigh A1l gubiects showed maximum body strain
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near 7 Hz. Zechman et al. (1965) reported maxima of seated man’s transpulmonary
pressure during 5 Hz vibration for 0.5 G acceleration amplitude. Lange and
Edwards (1970) vibrated human subjects in the supine atticude from 2 to 14 Hz
and 0.2 to 0.5 G. A principal body resonance was reported between 5 and 7.5
Hz, where also the maximum body strain was recorded. Using skeletal muscle
tonus as a parameter they found that muscle tightening increased the whole-body
transmitted force by as much as 50% during vibration at the regonant frequency.
Edwards and Knapp (1972) recorded the force transmitted during repeated vibra-
tion of awake dogs. Results indicated reductions as great as 367% in the trans-
mitted force recorded from the initial to the 7th exposure of one animal during
4 Hz vibratjon at 0.7g. Evces and McElhaney (1971) studied the effects of
drugs on the mechanical response of dogs to vibration and reported that drugs
produced measurable changes.

The nonlinear behavior of blomechanical systems has been the subject of
several Investigations. Krause and Lange (1963) described such behavior during
vibration at various acceleration ampiitudes over the 2 to 15 Hz frequency range.
Wittman and Phillips (1969) also presented data that indicated the recognition
of nonlinearities as seen in the measured impedance response of human subjects
seated erect in several impact and vibrational environments. Vykukal (1968)
comvined a sustained acceleration (via a centrifuge) with vibration to study
man's nonlinear mechanical response, and Vogt et al. (1973) used a similar ex-
perimental technique to conclude that the human body stiffens with increasing
sustained accelerations, and that the resonant frequency increases from 6 Hz
under normal gravity to 8, 11, 13, and 15 Hz with 2 Gx, 3 Gx, 4 Gx, and 5 Gx,
respectively.

Efforts have glso been directed toward establishing tolerance criteria for
man exposed to vibration. Magid and Coermann (1960) vibrated seated humar sub-
jects at various frequencies, each with increasing amplitude at 0.75 mm per sec-

ond until the subject reported that he felt actual bodily harm would resuit (chiw
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limit being beyond discomfort). Results #ndicated minimal short time tolerance

between 4 and 8 Hz at accelerations between 1.5 and 2.0 G. Ziegenruecker and

Magid (1959) in a similar investigation presented a "short time tolerance' curve -
to sinusoidal vibration by gathering subjective data from man under vibration at

various frequencies and amplitudee, i.e., at various accelerations.

Von Glerke (1971) chaired a symposium on "Biodynamic Models and their
Application" for establishment of environmental exposure limits, for intrepre-
tation of animal, dummy, and operatiomal experiments, mechenical characteri-
zation of living tissue and isclated organs, models to describe man'e response
to impact, blast, and acoustic energy, and performance in biodynamic environ-
ments. Because of man's obvious limitations as a subject in biodynamic experi-
ments, animal surrogates have been used in many studies. Bantle (1971) used
three vibration conditions to determire which was the most daraging to 4 1/2
and 7 day mouse embryos. It was found that a 20 Hz (visceral resonant frequency)
vibration was the most destruxtive, and the 4 1/4 day embryo was the most labile.
He reported that vibration typically inhibited embryonic growth. Ashe et al.
(1961) recorded body weight and cemperature of rats subjected to whole body
vibration and showed that observed and measured differences to changes in fre-
quency and amplitude Iindicated that both factors played a role, but calculations
indicated that the common denominator was not simply acceleration,

In animals subjected to very high levels of acceleration (0.6 to 50 g) and
various frequencies, tissue damage and survival correlated with mechanical re-
ponse (Pape, et al., 1963; Boorstin, et al,, 1966). Clearly, there are signifi-
cant body resonances, particularly in the range below 12 Hz. Organ system re-
sonances account, in part, for the subjective discomforts experienced by humans
(Pape, et al., 1963). The type of symptoms occurring in human subjects appear
related to both displacement and acceleration (Linder, 1962). The symptoms
appeared somewhat dependent upon the acceleration level reached in the studies

of Temple, et al. (1964) also.
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Several studies have dealt with analytical models which help to explain the

nechanical response of subjects to vibration. Broderson and Von Gierke (1971) in-
vestigated the blomechanical parameters of the sitting rhesus monkey and their tem-
poral changes during sinuscidal vibration at frequencies from 6 to 30 Hz. Results
showed impedance magnitude and phase angle to decrease with time. The authors also
derived a simple model for the impedance response of the sitting rhesus monkey.
Payne and Band (1971) developed a "four-degree-of-freedom" lumped parameter model
for seated man to study the problem of his response to veitical accelerations.
Brodergon (1972) conducted a study investigating the biothermal response of
rhesus monkeys to mechanical vibration. He concluded that core temperature in-
cri:rasd particularly at resonanc2 and varied with frequercy. Prolonged 1.0g vibra-
* - 30 Hz were shown to increase core temperature by about 1/2 C, and che
ary mechanism was gpeculated to be frictional dissipation. Llafferty et al.
(1973) and Edwards and Lafferty (1973) also conducted studies concerned with tthe
response of the rhesus monkey to mechanical vibration. The mechanical impedance
rcsponse, its wvarlation with time during vibration at a given frequency and ac el-
eration amplitude, and a mechanical wodel to predict the impedance response at
different frequencies and accelerations up to 1.0 G are described by these investi-
gators. The effect of vibration on a performance task, and related changes in
physiological parameters were also discussed. ;Qﬁw
The effects of vibration on performance has been the subject of many investi-
gations. Lange and Coermann (1963) measured the visual acuity of human sgubjects
during whole-hody vibration at various low frequeucies. They reported that maxi-
mum decrements occurred at those frequencies where resonance of whole body and or-
gan complexes had previously been determined, i.e., 4 - 8 Hz, O'Braint and Ohl-
baum (1970) presented a method to describe the visual efficiency of vibrated man :
in terms of a Performance Index.

Studies of human tracking performance showed inconsistent effects when :

ol

different frequencies and accelerations were the parameters (Frazer, et al,,

et s, 011
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1961). In seated subjects performing a light-pattern psychomotor task using

a control stick, Fraser, et al. (1961) found displacement to be the predo-
mirant factor in determining »n=rformance decrement. An increase in elthar
displacement or frequency was significantly related to performance decrement,
but a combination of any frequency with the lowest displacement did not pro-
duce a performance decrement. Increase in displacemert at any frequency did
produce a decrement which could be intensified by change:s in frequency. The
frequencies used were 2, 4, 7, and 12 Hz at displacements o-. 0.1"%5, 0.25, 0.375,
and 0.5 in.double amplitudes. Maximum peak acceleration was 3.67 g. Regressicn
analysis showed mean error was most closely correlated to the product of the
dispiacement and the square root of the frequency. Interestingly, the frictional
resistance component cf surface impedance is alsc proportional to the square
root of frequency. A function of both displacement and impedance was suggested
as the most satisfactory parameter (Fraser, et al., 1961).

In related studies, Catterson, et al. (1962) extended the analysis of the
role of displacement and frequency in human tracking performance. Exposure
duration wac 20 min at 6, 8, 11, and 15 Hz and displacements of 0.13 and 0.26 in,
double amplitude. A decrease in error occurred at all frequencies for 0.13 in.
displacement, and an increase in error occurred at all frequencies for 0.26 in.
displacement. As pointed out by Catterson, et al., acceleration is proportional
to displacement times frequency squared, and functions determined by acceleration
must reflect changes in frequency to a far greater extent than amplitude.

Grether et al. (1972) extended an earlier study in which they reported that
a combination of heat, nolse, and vibration stress had no greater, and for some
measures slightly less, effect on physiological and performance functions than
did the same levels of heat or vibration alone. The study searched for possible

explanatory mechanisms {or the apparently ante jonistic stress interaction. It
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was postulated that the heat stress might in some way have modified the bio-
dynamic response of seated man so as to reduce the vibration transmitted to
the subject's body. However, transmissibility data for the shoulder shcwed
no evidence of any such effect., It was postulated that increased motivation
and application of effort during the combined stress exposures might be the
responsible mechanism., Sommer and Harris (1972) exposed 10 human subjects
to vibration (5 Hz, 0.25 g) and noise (110 dB) while asking them to perforu
a menial arithemetric task. Results suggested that the phase of the cir-
cadian cycle could be a variable to be considered in studies on the effects
of stress on human performance.

The effects of vibration on behavior has also been investigated. Wike
and Wike (1972) reported results frowm seven experiments on low-frequency,
whole~bcdy vibration of rats as related to their escape coaditioning. They
concluded that vibration of sufficient amplitude is aversive for rats and that
its brief termination is reinforcing. A direct relationship was evident be-~
tween amplitude and the number uf cscape responses when frequency was held
constant and amplitude was varied.

The area receiving the most attention ig the effect of vibration on the
cardiovascular system. Roberts and Dines (Oct., 1966) administered propra-
nolol and atropine to anesthetized vibrated dogs and measureld heait rate,
cardlac output, total peripheral resistaunce, and (d’?/dt)max of left ventri-
cular pressure. They concluded that tachycardia during vibration regsulted
from a decrease in vagal efferent activity to the heart. 1o vibration tests
using human subjects Roberts et al. (1969) concluded: '"(1) clinically use-
ful ECG's can be obtalned from human subjects while they are being vibrated,
even at relatively severe intensities, if our recommendations to accomplish
this are followed, (2) short time vibration in the practiial range used were

only moderately stressing to healthy subjects, (3) vibration can elicit pre-
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mature extrasystoles in man, (4) changes in configuration of ECG's observed
during vibration were transient, terminating with termination of vibration,
and (5) patterns of pulse rate changes during vibration are variable." Ed-
wards (1970) and Edwards, McCutcheon and Knapp (1972) performed tests in which
dogs were vibrated at 1-3G from 2 to 12 Hz, during which chronically implanted
transducers enabled recording cardicvascular data, and showed the greatest changes
occurred in the 3 to 9 Hz frequency range for any given acceleration amplitude.
3G vibration to 4 Hz pruduced (l) a maximum aortic peak flow rate of more than
twice the maximum recorded from the resting animal, and (2) a minimum aortic
peak flow rate of only 10% of th.: minimum observed in the resting animal. The
results also indicated a correlation between relative motion of internal masses
and large changes in the circulatcry system during the vibration exposure.
Hooks, Nerem, and Benson (1969) performed a theoretical analysis of pul-
satile flow in a rigid tube with longitudinal vibration by introducing as a
boundary condition a sinuspoidal wall velocity. Using a sinusoidal precssure
gradient of constant amplitude they predicted flow rate increases of 4007 or
reductios to zero relative to the flow rate which occurred without vibration.
Camil, Knapp, and Collins (1971) used the analog computer to model the response
of the human cardiovascular system to 1-10 Hz sinusoidal vibration. Their
study showed the most pronounced effects at 3-4 Hz for all acceleration ampli-
tudes investigated. For an acceleration amplitude of 3G they reported the
maximun difference in peak aortic pressure during one heart cycle tripled and
the maximum peek aortic flow doubled, relative to the control values,

Arntzenius, Koops, and Hugenholtz (1969), Blok et al. (1969), Verdouw,

Arntzenius, and Noordergraaf (1.969), and Jackson (1971) reported a technique
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employing Body Acceleration Synchronous with the Heartbeat (BASH) in which
a particular type of whole-body vibration applied to both animals and man
was reported to enhance cardiovascular performance. 1lhe use of vibration
as a noninvasive cardiac asaist device was thus reported.

Any effect primarily dependent on the degree of mechanical stimulation
that increases with increasing amplitude of movement should increase
with decreasing frequency if peak acceleration is held constant. If ampli-
tude is held constant, the effect will increase with increasing peak accele-
ration and consequently Increase with increasing frequency. This was found
to be true for the responses of hyperventilation (Dixon, et al., 1961) and
peripheral vasodilation (Liedtke and Schmid, 1969). Gaeuman, et al., (1962)
cited the previous reports of Fraser, et al. (1961) and Catterson, et al.
(1962) to substantiate their experimental design for the measurement of oxy-
gen consumption. The subjects were exposed to a constant peak-to-peak dis-
placement of 0.264 in.double amplitude, and frequencies of 2, 6, 8, 11, and
15 Hz. Since displacement amplitude was constant, acceleration should increase
with frequency. The values given for peak acceleration at each frequency
were 0.05, 0.45, 0.82, 1.55, and 2.38 g respectively. A clear frequency-
displacement dependence of oxygen consumption was demonstrated, suggesting
constant displacement was a useful parameter. Hoover and Ashe (1962) used
displacements of 0.124 and 0.250 in.double amplitude at frequencies from 2
to 15 Hz. The peak acceleration range was 0,03 to 2.88 g. The magnitude of

the resulting hyperventilation showed a mixed frequency-displacement depen-

dence. Resplratory rate changes were predominant at a displacement of 0,124 in.,

while tidal volume changes were predominant at a displacement of 0.250 in. They
concluded the respiratory response tended to be related primarilyv to table

displacement.
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An initial tachycardia, hypotension, increased cardiac output and de-
creased total peripheral resistance was the characteristic change in the
anesthetized dogs studied by Dines, et al. (196S). The parameters were
frequencies of 4, 7, and 11 Hz at a displacement of 0.5 in. double ampli-
tude. They averaged the responses at all three frequencies, and did state
the blood pressure dip was not evident at 11 Hz.

In contrast, a large body of data supports the primacy of a frequency-
acceleratinn dependence of the above responses (Guignard, 1960; Goldman & von
Glerke, 19¢0; Zechman, et al., 1965; Cavagna, 1970; Edwards, et al., 1972).

Acceleration dependence of cardiovascular changes has also been demon-
strated in animals (Hood and Higgins, 1965; Liedtke aud Schwid, 1969). More
marked physiological effects were found at 1,2 g and 8 and 10 Hz than at
0.6 g and frequencies on either side of that range (Hood, et al., 1966).
Clark, et al. (1967), in studies of anesthetized dogs, found significantly
greater change in multiple systemic cardiovascular variables at 2 than at
1 g for frequencies of 10, 12, and 14 Hz. (Apparently 2 g runs were not
made at 6 and 8 Hz).

The changes in oxygen consumption observed by Duffnrer, et al. (1962)
were maximal at the lowest frequencies and greater at 0.35 than at 0.15 g
acceleration.

Another type of physiclogical interaction of frequency and displace-
ment is illustrated by the machanoreceptor responses. Although the exact
route by which muscle stimulation is connected to caruiovascular and res-
plratory responses is unclear, increases in systeric vent{lation and blood
pressure are produced by muscle stimulation such as rhythmic manual squeez-~
ing at 2 to 3 Hz, and the ruaponse jc abolished by cutting the nerve (Guy-
ton, et al., 1972, and McClouskey, et 4l., 1972). Of course the carotid

sinus also has distinctive frequericv-amplitude characteristics, but its
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participation in the respongses i1s likely to be minimal since its sensitivity
is probably reduced (Bristow, et al., 1971).

Acceleration was a much more important factor than duration in cats ex-
posed to severe vibration (10 to 15 g; Pape, et al., 1963). It would thus
appear that dogmatic statements about the interaction of displacement, fre-
quency, and acceleration are inappropriate, and each must be considered in
evaluating the effects of vibration stimulus.

Previous studies of the integrated response of the cardiovascular sys-
tem to vibration have also produced variable and oftea conflicting results,
Components of cardiovascular function including heart rate, blood pressure,
and cardiac output have been reported to decrease, increase. or remain un-
changed ducing vibration. Hood and Higgins (1965) studied anestihetized,
supine dogs restrained in a form-fitting metal frame and vibrated {in the x-
axig at selected frequency and acceleration levels. Cardiac output increased
as a result of increased heart rate at the higher accelera:ion levels; 1i.e.
stroke volume remained constant. At 6 Hz, mean arteria. pressure increased
slightly; at 10 Hz, it decreased. Total peripheral resistance was not signif-
icantl: altered at 6 Hz but increased at 10 Hz., Overall, they were unable
to identify any main effects of frequency or duration. Main effects of accele-
ration were present for most of the variables. There were interactions be-
tween acceleration and frequency for heart rate and mean arterial pressure,

In other studies, tachycardia, decreased arterial pressure, increased
cardiac outpur, and decreased total peripheral resistance were indicated
(Clark, ¢t al., 1967; Dines, et al., 1965; Hoover, et al., 1961). Clark,
et al., 1967 found mean arterial blood pressure decreased initially and then

returned to control levels; stroke index remained constant. 7he effects

were greater at higher G levels.
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In the presence of pharmacological blockage of skeletal muscle contraction,
dog forelimb resistance was decreased by vibration (Liedtke, and Schmid, 1969).
The magnitude of the decrease was reduced with 1limb devervation but not eliminated.

There are no previous reports of the detalled cardiovascular changes pro-
duced by vibration of unanesthetized animals.

In the human subjects studied by Lamb and Tenney (Lamb, and Tenney,1966),
heart rate and blood pressure were unchanged. Hood, et al., 1966, described in-
creases in mean arterial! blood pressure, heart rate, and cardiac output in tightly
restrained, semisupine humans exposed to 7 minutes of wholebody, x-axis vibration.
In the tightly rectrained, upright human subjects studied by Clark, et al., 1967,
mean arterial blood pressure and heart rate increased slightly, and cardiac index
approximately doubled.

The metabolic-hormonal effects of vibration have been similarly variable.
Oxygen consumption has been found to increase, decrease, or remain unchanged
in both anesthetized dogs and humans (Dixon, et al., 1961, Lamb and Tenney,
1966; Hocver and Ashe, 1962; Hutt, Horvath, and Spurr, 1958; Duffner, Hamilton
and Schmitz, 1962; Gaeuman, Hoover and Ashe, 1962; Youns, et al., 1963; Hood
and Higgins, 1965; Hood, et al. 1966). Hood and Higgins, 1965, found decreased
oxygen consumption at 6 and 10 Hz and 0.3 g acceleration amplitude; at 1.3 g
it increased out of proportion to the increase in cardiac output. Levels of
17-hydrocortosone (17-OH-CS), epinephrine, and total catecholamines were ele-
vated in supine dogs exposed to prolonged periods of whole body, Z-axis vibra-
tion. The effects decreased with increasing displacement and acceleration am-
plitude and were greater in awake than in anesthetized dogs (Black, 1965).
Plasma and urine levels of 17-OH-CS decreased in humans exposed to three periods
of three minutes of vibration at selected frequencies frum 1 to 20 Hz and accele-
ration amplitudes of 0.75 tc 3 G; even though decreased, values remained within

normal limits (Homma, Kanda, and Watanabe, 1971).
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Although the trend of these data bears a superficial resemblance to the

changes occurring with exercise, the responses gshow great variation and differ
in important ways from those usually produced with exercise. Analysis of the
effects of vibration has been complicated by the limited combinations of fre-
quency and amplitudes of displacement and acceleration used in previous studies.
The purpose of this repurt is to clarify the previous obgervations on the car-
diovascnlar effects of vibratien by summarizing results from an extended series
of tests over a wide range of sinusoidal vibration combinations applied to both
awake and anesthetized dogs.

B. Experimental Protocol

Response of acutely and chronically instrumented dogs, primates and pigs
have been studied. Special emphasis has been placed on the chronically implant-
ed preparation which permits repeated awake and anesthetized tests on the same
animal, Additional advantages of this preparation include the closed chest pro-
tocol and more stable transducer characteristics, especially important for the
vibration environment.

Animals are restrained on the hydraulic table with the spine vertical, and
vibrated along that axis. Short term tests consist of sequential exposures to
sinusoidal vibration of 2-12 Hz and acceleration amplitudes ranging from 0.5 g
to 3.0 g for 30 sec., 2 min,, and 5 min. Intervals. Long term exposures in-
clude durations varying from 30 min to 6 hrs. at a selected vibration frequency
and constant acceleration amplitude. The highest g-level for the awake animal
is 1.5 g, and for the anesthetized animal is 3.0 g. The cardiovascular variables
include heart rate, flow velocity from the aorta and per‘pheral arteries, arterial
pressures from acceleratiow. -insensitive intraaortic and irtraventricular trans-
ducers, 02 consumption and body temp. and blood chemistries such as blood gnses,
cortisol, free fatty acids, and glucose, measured on samples withdrawn from in-

dwelliug atrial zond arteriasl cathetevs, Tne design of the vibration exciters
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permits recording of force transmitted between subject and table, and also the
vibration exciter velocity. From these variables and their phase relationship,
complex mechanical velocity impedance can be determined. In addition, accelero-
meters implanted on large body organs provide information on the displacement

of these organs relativ ‘he animal torso and the input vibration. A Raytheen
704 data acquisition syste . ing programmed for off-line and on-line analysis
of the massive amount of cardiovascular and mechanical data.

1, Animal Preparation: Twec basic surgical procedures have been imple-
mented. The most consistent results have been obtained with the intra-thoracic
implantations involving the heart and large vessels. Instrumentation implanted
may include aortic flow probe, aortic and left ventricular pressure transducers,
right and left atrial and subclavian-aortic cannulae, pacemaker on right atrium,
temperature probe within the chest, and an accelerometer (single axis) on the
heart or proximal blood vessel. Abdominal and neck entries have been employed to
a lcsser extent for the measurement of peripheral cardiovascular parameters.

The choi.ce of transducers to be implanted in both preparations is flexible
although e<perience has shown that standardizing the surgical procedure and
setting a limit on the number of devices iuplanted is necessary. As part of
the program design, the chronic preparations have allowed a number of differing
experimental protoccls to be followed. Such experiuments include vertical z-axis
(and more recently; horizontal z-axis) vibration, hypovolemic shock, barorecep-
tor response, and animal performance tasks. A combined chronic-closed chest
and acute-peripheral vessel preparation has also been used successfully,

A healthy animal and reliable implanted instrumentation make a successful
animal preparation and will yield usable physiological data. Individual ani-
mals are tested for acceptarce, and these guidelines, combined with previously

published normals, provide control values for post-operative care. Along with
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the hematological variables examined in the implunted animal, metabolic
and hormonal determinations now include blood gases, cortisol, frea fatty
acids, and glucose.

Thorough evaluation, regular testing, and recesign of transducers and
materials have become an integral part of our iuplantation schedule. In
particular, pressure transducers and flow probes (as well as flowmeter in-
strumentation) have been subjected to these ccntinuous tests. Experimental
access to the implanted transducers and catheters stored in a fabric pouch
of the chronic animal is quick and non-trauratic. Details of the animal pre-
paration are presented in Appendix A,

2. Experimental Procedure: On the day of the experiment the dog is
walked to the laboratory and placed in ¢ nylon mesh sling. The monkeys are
transported to the vibration room in a1 open-back restraint chair. While the
leads are removed from the storage pcuch, the vibration facilities are cali-
brated, If all the transducers and cannulae are functiouning, the animal is
then placed in the vibration chair and firmly restrained. Acute placement
of a transducer, if necessary, is accomplished at this time using a local
anesthetic (Xylocaine) and, if rrquired, morphine I.M. (1-3 mg/kg).

Calibration of the pressure auges is done with chronically placed cannu-
lae and an extravascular pressire gauge, making sure that measurements do not
include an additional hydrostaitic pressure head. Some of the analog transducer
signals are then sent tn the computer for A/D conversion.

Followinz transducer calibratioa, the dog 1s placed in the restraint
chair and the restraint chair 1s then attached to the hydraulic table. Pre-
vibration control and post-vibration reccvery periods normally last for 10
to 30 minutes. Dependinz on the vibration protocol, periodic blood sampling

and instrument re-calibration and balancing may be done before, during, and

after the experiment.
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For an anesthetized preparation, the animal is given an intramuscular
injection of morphine (3 mg/kg), a blood sample for blood gas controls is
withdrawn, and after 30 minutes, the .nimal i1s anesthetized with chloralose-
urethane given I.V. The level of anesthesia used is that required to sup-

; press the voluntary ejection of a tracheotomy tube. The animal is then res-
pirated with room air sad blood gases are regularly monitored and controlled

! with the respiratory rate and/or volume.

Following the experiment, lf the animal is to be used for further study,
the lead connectors are sealed, cleaned, and returned to the pouch which is
closed with interrupted sutures or steel clips. The pouch area is bandaged,

a nylon jacket is placed on the animal (for monkeys, a leather jacket 1s
also fitted), and the animal is returned to the animal care facility. Further
details of the experimental procedure are presented in Appendix A.

3. Data Acquisition and Analysis: The Raytheon 704 system (Appendix B)

) is designed to fulfill two major requirements for the vibrational stress ex-
periments. First, a recal-time output of various physiological variables in
terms of graphs on a storage oscilloscope and a printed record on a teletype
is needed. This will provide feedback to the experiment controller so that
the protocol may be varied according to the results being obtained., Secondly,
the data reduction process must be speeded up and improved in accuracy. The
704 is fast enough to provide several real time outputs and at the same time
store data on magnetic tape for later operator-controlled analysis.

The two program systems (Dye Curve and Mean Value) which have been imple- 1
mented to date are described in detail in Appendix B.

The more ambitious part of the design system is now being developed. Out-
- puts of pulsatile as well as average signals will be provided in real time.

A real time CRT display of the physiological and mechanical variables will pro-
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vide compression of the data and Zfeedback to the experimenter. Prolimirary
o specifications for this system are also presented in Appendix C.

C. Results =

1. Experimental

i Physiological Responses: For unanesthetized dogs receiving short-term

(30 sec) exposure to vertical, whole-body vibration, the major finding is the

i overall linear relationship between mean flow in the aacending aorta (MAF,

. equal to cardiac output less coronary flow) and the level of vibration stress
as measured by the ratio of peak net transmitted force to body weight (PNF/BW)

r i (Fig. 2). For 10 experiments on 6 dogs, the regression equation for the rela-
tionship between percent change in MAF and per cent change in PNF/BW was (.00

} +0.%476 PNF/BW, with a standard error of the estimate of *26.7l and a R{correla-
tion coefficient} of 0.70.

At a PNF/BW level in the range of 1.5 to 2.0 times body weight, near the

maximum valucs applied in these studies and in the region of resonance, the

mean increase in MAF was 1.6 times the control value. For PNF/BY levels in the

or decreased from control levels. Extreme values for the change in cardiac out-

Ak

l, neighborhood of 0.8 times body weight, a few of the MAF values were unchanged

put were +150 percent and -30 percent of the control value taken immediately

preceding the exposure. gﬁ'
The relationship between MAF and PNF/BW was much more closely correlated

i in indjvidual dogs (Figures 3 a and 4a). Also, mean aortic blood pressure was 1

generally unaltercd (Figure 3a) hence total peripheral resistance decreased

(conductance increasecd). The relative contributions of heart rate and stroke

volume to the increascs in MA® exhibited three distinct classificatlions. In

three of the 10 experiments (2 animals) MAF was increased by increased heart
l rate, with minimal or no change #n stroke volume (Category 1, an example of one

animal is shown in Figures 3a, b, and ¢c). In 4 of the 10 experiments (3 animals)
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MAF was altered primarily by changing stroke volume, with little or no’thange in

heart rate (Category 2, an example of one animal is shown in Pigures &a, b, and c).
Approximately equal contributions from changing heart rate and stroke volume were pre-
sent in 3 of the 10 experiments (3 animals): in this category, both variables were
linearly related to PNF/BW (Category 3, an example is shown in Figures Sa, b, and c).

Domination of heart rate as the principal mechanism for increasing MAF ap-
peared to be a function of the heart rate level at the initiation of vibration
exposure pof Category 1 and 2 animals. In those animals with initial heart rates
under 150 beats/min (BPM), altered heart rate was the major response (Category 1l);
for those animals with initial hecrt :ates above 150 BPM, altered stroke volume
was dominant (Category 2). Initial heart rates were not the significant factor
for those animals changing both heart rate and stroke volume (Category 3). In
this category initial heart rates ranged from 78 to 204 BPM.

The general pattern in the anesthetized dogs was similar, but grouped res-
sponses showed much more scatter (Figure 6). The regression equation for the
relationship between percenc change in MAF and percent change in PNF/BW was 0,40
+0.15 PNF/BW, with a standard error of the estimate of *7.8 and a R of 0.27, In-
dividual correlations between MAF and PNF/BW were again high.

In contrast to the three categories of MAF alteration in the awake animals,
the anesthetized animals increased MAF through oniy two mechanisms, some exhibiting
a modest increase in heart rate and others a more significant increase in stroke
volume.

For the 3 of 6 animals altering MAF by a change in heart rate, the mean changes
in the anesthetized animals were 95% lower than those in the unanesthetized animals
(Fig. 7a, b and ¢). For the 4 of 6 anesthetized animels altering MAF primarily
through changes in stroke volume, the differences were not statistically significant
from those of the awake animals (Fig. 8a,b, and ¢). When examined individually,
the slope of MAF vs PNF/BW varied directly with the initial stroke volume of the

anesthetlzed dogs.
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While the stress level as measured from peak net force is of major impor-

tance, i* is not the exclusive determinant of the response, for the relation-
ship between the percent chauge in MAF and the log of the ratio of mean heart
rate to vibration frequency is also linear (Fig. 9).

Mechanical Responses: A portion of the research during the past year in-

volved a coordinated effort between rhe AFOSR and the AMRL contracts. Work
performed on the latter was primarily directed toward investigating the effects

of vibration upon the tracking performance of Rhesus monkeys. Although the ulti-
mate goals of the two contracts were different, each involved vibration testing

of animals during which mechanical and physiological measurements were made. A
part of the effort on each contract thus complemented the other. One such com-
plementary phase involved the development of a two mass, single-degree-~of-free-

dom analytical model to predict the mechanical impedance responac of the sitting
Rhesus monkey to 2 to 30 Hz vibration at acceleration amplitudes from 0.5 tc 1.0g.
Figure 10 illustrates the sequential development of the model, and figure 11
presents the final model with linear approximations for frequency dependent whole-
body coefficients of elasticity and damping normslized by animal body weight. Fig-
ure 12 conteins graons of the elastic and damping coefficients versus frequency.
The values were obtained for each test at each frequency by requiring the juwpedance

of the model to match that of the primete. A part of the model is an empirical !

equation defiaing, as a function of vibration frequency and intensity, the ratio F

~-

of non-reactive to reactive animal mass. After normalizing for body masy and

averaging, functions for the elastic and damping coefficients were developed such

| that the impedance response of the model closely matched the erxperimental results

| throughout the 2 to 30 Hz range at 0.5 G (see Figure 13) and also at 1.0 G (see :
Fipure 14), A detailed description of this study can be found in the appendix

| in the paper "A Model to Predict the Mechanical Impedance of the Sitting Primate
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During Sinusoidal Vibration" by R. G. Edwards and J. F. Laffert- (Appendix D).
The amount of enerpy dissipated by viscous damping in a vibrated animal can
be derived from the experimentally measured impedance data. Figure 15, for a
sitting Rhesus monkey, contains graphs of dissipated energy versus time of vibra-
tion exposure for three different frequencies, i.e. 6, 12, and 20 Hz, each at
0.5 g acceleration amplitude. Although the data from the 12 and 20 Hz exposures
did not indicate any significant temporal trends, the 6 Hz exposure did indicate
a reduction in dissipated energy with increasing time of vibration exposure. Dur-
ing ten 1.5 g tests of two primates the acceleration at the top of the skull was
recorded. This was accomplished by securely taping to the top of the animal's
head a minute piezo-resistive accelerometer. The sengsitive axis of the accelero-
meter was approximately along the axis of vibration., This measurement enabled
the calculation of the ratio of head to vibration exciter acceleration, i.e. the
head to vibration exciter transmissibility. The purpose here was to establish,
as a function of frequency, how much of the input acceleration was actually trans-
mitted to the subject's head. Figure 16 18 a graph .. average head to vibration
exciter transmissibi{lity versus frequency. At 3 Hz the 1.5 g applied to the sub-
ject resulted in an average peak acceleration at the head of approximately 1.6
timey greater than the input value, i.e. of about 2.4 g. From 3 to 30 Hz the
transmissibility decreased with increasing frequency. The acceleration of th:
head at frequencies less than 12 Hz was amplified relative to the input accelera-
tion, i.e. the transmissibility was greater than 1.0, while from 12 to 30 Hz it
was attenuated, il.e. it was less than 1.0, At 30 Hz only 20% of the input accel-
eration was transmitted to the head.

As an example of the impedance data of the dog tests consider the impedance
modulus and phase angle versus vibration frequency graphs contained in Figure 17.
Two curves appear on each graph; one for a 1 g test at frequencies from 2 to 20

ilz with the animal uvnanesiheiiced, and the other for m sfmilar vibration protocol

34

st e e b o b e it s




v -

[P g il By Y

L o

TN T TT—— T T — v i c(}
bur with the subject anesthetized with chloralose ~urethane. Relative to the
unanesthetized data, it is apparent from these graphs that anesthetizing the
animal resulted in a 2 Hz decrease in the primary whole-body impedance resonant
frequency, i.e. from 6 to 4 Hz, and, in general, a more "mass-like' reaponse
(compare to the inert mass, or "mw' impedance response). At frequencies from

7 to 12 Hz the impedance phase angle for the drugged animal is approximately 20°
greater than that for the unanesthetized condition. Since the phase angle for an
inert mass 1is 9dﬁ and those for a massless damper and massless spring are, respec-
tively, 0° and -903 both the impedance modulus and phase angle data reflect a de-
creased muscle tonus, 1.e. a decreased whole-body elastic coefficient, for the
anesthetized (relative to the unanesthetized) dog. This kind ot impedance data
interpretation is particularly useful where applied in a model from which whole
budy coefficients of elasticity and damping can be extracted.

Similar to the aforementioned transmissibility measurecment on the Rhesus
monkey, it was desired to gain information on the transmissibility of certain
internal organs and vessels for the vibrated dog, i.e. the amount of organ and/or
vessel movemwent relative to that applied by the vibration exciter. A minute
Konigsberg plezo-resistive accelerometer (Model 22) was securely sutured to an im-
planted aortic flow transducer on one animal foy the purpose of gaining informa-
tion as to the amount of input vibration that is transmitted to the aorta. The
upper portion of Figure 18 18 a graph of the ratio of acceleration at thr aortic
transducer location to that of the vibration exciter, i.e. to that of the input
vibration, vercus vibration frequency with 0.5, 1.0, and 1.5 g as parameters. The
lower portion of Figure 18 is a corresponding graph of the phasc relationship
between the aortic transducer acceleration and that of the vibration exciter,

The elastic nature of the thoracoabdominal system is clearly evident trom these
graphs. Although some difference. do exist as a function of the input accelera-

tion amplitude, a first approximation could well consider the response linear in
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the 2 -~ 30 Hz range for acceleration auwplitudes from 0.5 to 1.5 g. The magni-
t.'de curvees clearly show a resonance at 4 Hz. A gecondary resonance occurred
at 9 Hz during the 0.5 and 1.0 g tests, but was not present in the 1.5 g test.
During vibration at the 4 Hz primary resonant frequency a transmissibility of
from 2.3 to 2.4 was recorded. For example, during 5 Hz vibration at 1.5 g an
acceleration of approximately 3.6 g was recorded at the aorta. Beyond approxi-
mately 11 Hz the transnissibility drops below 1.0, 1.e. therc is less accelera-
tion transmitted to the aorta than is applied to the animal. At 30 Hz only
about 15% of the applied acceleratior 13 measured at the aorta. The almost
linear increase in phase angle with increasing frequency is indicative of an
elastic-type response. The graphs of figure 18 {llustrate the frequency depen~
dence of the aortic transmissibility, i.e. of the amount of acceleration trans-
mitted to the aorta as compared to that input by the vibration exciter. These
data represent the transmissibility of the aorta with electromagnetic flow trans-
ducers and accelerometer attached, The acled mass of these transducers result
in transmissibility values different from those which would be measured from a
"mass-less" accelerometer; however, these reported values are thought to be rea-
scnably indicative. These graphs illustrate two very pertinent facts with
respect to studies such as the current one; namely (1) the magnitude of any given
applied whole body vibration transmitted to the aorta is extremely frequency
dependent, and (2) there is a resonance at approximately 4 Hz, at which frequency
the applied vibration amplitude is intensified approximately 2.4 times when
measured at the aorta.
2. Computer Modeling

Cardiovascular modeling has progressed in two directions. The first of these
is a closed-lonp electrical analog model of the hydraulic and mechanical aspects
of the CV system, which 18 an extension of an earlier open-loop model., These
effectys of vibration are gimulated by pressure source terms generated from values

of the vibration g-level or resulting transmitted force. These pressure distur-
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bances propagate and reflect, adding and subtracting with the pressure generated
by the action of the heart, and as a result produce changes in flow. The closed-
loop model contains piecewise-linear representations of venous resistance and
compliance which were included to accurately account for blood-volume shifts
occurring during postural changes and application of time-varying whole-body
acceleration. The possible enhancemeat of cardiac output by the application of
whole body acceleration synchronously with the heart cycle was investigated by

R. L. Starnes in an M.S. thesis study (see Appendix E)., He found that simulated
cardiac output could be enhanced by only a few percent when the acceleratory fre-
quency was the same as the heart frequency (1.25 Hz). This study has recently
been extended to acceleratory frequencies at whole multiples of the heart fre-
quency. It has been found that an acceleratory forclng function of 3.75 Hz and

4 G peak amplitude enhances cardiac output by about 20 percent.

A preliminary study has begun in which experimental data of HR, SV and PNF
are used as Input parameters to the wodel. The value of PNF/BW vs frequency from
the animel experiments is used to establish the values of the pressure source terms
for the different simulated vibration frequencies. Heart rate was varied in the
model as observed in the animal experiment. The computer response of MAF vs
PNF/BW was similar to those of the animal experiments, with the actual percent
change values close to those found for the group of anesthetized dogs changing
MAF with minimal change {u Leart rate and little change in stroke volume, e,g.
maximum percent change in MAF was approximately 25%.

The second direction of progress 1s the development of a digital model anal-
ogous to the analog model. Two primary reasons for moving in this direction are:
(1) the digital model can be expanded if desired, to permit more detailed regional
investigationa. The analog model has bLeen expanded to the point where present com-
puter capacity is exhausted. (2) Nonlinear baroreceptor and other CNS control phe-

nomena can be more easily modeled with the digital approach. The digital model has




successfully simulated cardiovascular performance in the prone position (no
acceleratory stress) and 1s presently being adapted to account for postural
changes and time-varying applied accelerations.
D. Discussion
For the range of vibration stress imposed on the dogs in this study in
the vertical (z-axils) direction, the effect of vibration oa mean aortic flow
(MAF) was found to depend primarily on the net force absorbed by the whole
body (peak net transmitted force, PNF). Other less important, but significant,
factors are initial or control heart rate and stroke volume, vibration “re-
quency, body welight, and duration of exposure. For brief exposures at PNF
levels quadruple the body weight, MAF may be expected to reach levels nearly
double those present immediately prior to the exposure., For PNF levels less
than body weight, variation in response may include a few instances of unchanged
or decreased MAF.
Detailed comparison of these findings with the results of previous investi-
gations 1s difficult since frequency, displacement, and/or acceleration were the
only vibration parameters available in earlier data, In the present study, test-
ing of these three parameters generally resulted in much greater variability with
poorly developed trends. Thus the major determinant of the response appears to
be the net effect of the interaction of all three components as reflected in PNF. ;
The general tendency has been to equate the effects of vibration with those
c¢ccurring in mild to moderate exercise. Qur results support this comparison with
regard to the extent of the change in MAF. For the vibration case, however, it
is unlikely that the magnitude of the increase in MAF, and the interaction between
heart rate and stroke volume, are metabolically dependent in the manner observed
with exercise. For instance, heart rate and cardiac output with exercise in the

dog are linearly related to oxygen consumption; this 1is probably not the case for
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vibration stress and oxygen consumption are probably related only to the extent

that the imposed vibration leads to muscle contractioa, especlally for postural
adjustments (Duffner, Hamilton, and Schmitz, 1962).

The extent of muscle contraction is somewhat difficult to estimate. The ~
anesthetized animals of Hood and Higgins, 1965, responded to vibration with some
increase in oxygen cousumption which was reduced by curarization. However, in
related studies in our laboratory of awzke Macaca mulatta exposed to force levels
similar to thnse used with the dogs, oxygen consumption changed with varying per- '
formance demands but was not dependent on PNF/BW. Results from selected measure-
ments of acterial and venous pH, pOz, pCOz, 02 and CO2 content, and nonesterified
fatty acids in the monkeys and in the dogs in the present study do not show any
consistent dependence on PNF or other vibration parameters at the levels used.

Mediation of the response through cyclic muscle contraction induced by
variation in the direction of the PNF is unlikely, since cardiac output did not
follow sinuscidal exercise above 0.2 Hz (Ashkar, 1972): a rate much lower than
in our studies.

Neural mediation appears to be a far more important determinant of vibra-
tion responses than direct metabolic effects. The effect on MAF was greatly
attenuated in the group of anesthetized dogs with limited change in heart rate,
The effect in the unanesthetized animals is analogous to a sustained state of
alertness or alarm. In the group of dogs in which the level of anesthesia
limited the increase in heart rate, the change in MAF was significantly dif-
ferent from that produced in unanesthetized dogs. Typilcally with exercise, the
rapld onset and offset of the heart rate response 1is dependent on neural path-
ways (Rushmer, Donald and Shepherd); simllar effects are present with vibration.
Mediation through the carotld sinus is unlikely since the frequency content
added to the phasic pressure waveform {s relatively high (Edwards et al, 1972)

and the increased heart rate in the unanesthetized animals suggests absence of
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carotid sinus suppression.

The principal neural channel which could lead to the observed effects 1s
afferent sensory information from peripheral mechanoreceptors. Small myelinated
and unmyelinated fibers have been shown to be primary afferent pathways in car-
diovascular and respiratory reflex responses (McCloskey, Matthews, and Mitchell,
1972). Vibration-sensitive receptors are included in the proprioceptors of
these afferents. The primary afferents of muscle spindles are not sgignificantly
involved in these effects; high frequency (100 to 300 iz) vibration of the triceps
sura muscles of both hind limbs of decerebrate or anesthe:iized cats had no appre-
ciable influence on systemic arterial blood pressure, heart rate, or respiratory
rate or depth even though some reflex muscle contraction was produced (McCloskey,
Matthews, and Mitchell, 1972).

The importance of neural pathways in whole-limb vibration is supported by
the results of Liedtke and Schmid, 1969. Peripheral vesodilation in the intact
limb was much greater than in the limb following denmervation, and little altera-
tion followed section of the carotid sinus and vagal nerves.

The initial value and slope dependence of the variables is most 1likely a
secondary phenomenon in relation to the effects of vibration, but is of consid-
erable interest. The dependence of the magnitude of a physiological response
cn iie preceding level 1s to gome degree inherent in the range and type of ad-
justments available. At high heart rates, further excitation cannot lecad to a
very large response in cardiac output through further increases in heart rate;
therefore increases in stroke volume would he expected. The validity of the
"law of initial values' (Wilder, 1957) (Lacey, 1967) for non-extreme levels has
been difficult to substantiate, but for heart rate, strong presumptive evidence
of its presence and mediation by central neural activity has been obtained in

monkeys (Snapper, Kadden, and Schoenfeld, 1971). The fact that many of the un-

anesthetized dogs exhibited a combined heart rate and stroke volume response is
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; unexplained with respect to vibrztion, but is certainly an option avallable to
the system. Dependence of MAF on the ratio of mean heart rate to vibration 4
frequency suggests the presence of effects derived from the fluid-mechanical and
; time-dependent system properties. As previously discussed, in the absence of ™
' synchronization between vibration and cardiac cyles, this effect is relatively
i minor.

In summary, the peak net transmitted force has been shown to be a major
variable determining the cardiovascular response of dogs exposed to brief, whole
; body, sinusoidal vibration applied in the spinal axis. The effect is markedly
i decreased when the heart rate response is limited by anesthesia.

Thus vibration appears to be a stress wﬁich can be graded to produce a
quantifiable state of alertness resembling exercise, but separating the neural
and metabolic components. Analysis of system properties based on this approach

‘ offers great promise for increasing our understanding of physiological regula-

tion.
‘ E. Recommendation.
1. Studies should be continued to evaluate further the role of the five
‘ mechanisms involved in producing changes in pressures and flows in the cardio-

vascular system expcsed to vibration. Special emphasis should be placed on ex-

o a—

periments which can separate and elucidate the role of the various mechanorecep-
1
l tors - CNS pathways frcm the rest of the mechanism. This is especially important k

since these mechanisms are thought to produce about 70% of the changes observed

+unum—m"

in the awake animal. : 1

2., More experiments in which 02 consumption is measured on animals under

vibration should be conducted in order to confirm the analogy of vibration and

B 9P ST

i exerclse. )
3. Experiments should be conducted in which the vibration frequency is :
1 extended below 2 Hz. This caa be accomplished by using a variable radius centri- E

‘v
[, W .
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fuge to produce slowly varying sinusoidal acceleration.

These experiments could provide some of the missing information which now
existgs between sustained acceleration (0 freq.) and vibration (above 1 Hz), 1i.e.
the slowly varying time dependent acceleration range (0-1 Hz). These experiments
would provide continuity in describing the response of the cardiovascular system
from sustained acceleration to high frequency vibration.

4. The mechanical impedance model should be combined with the analog com-
suter model of the hydraulic aspects of the cardiovascular system in order to
define more realistically the vibration forcing function, PNF, in the computer
studies.

5. The analog computer model should be expanded to include mechanorecep-
tor response and the digital model should be expanded to include more detailed
sections of the arterial and vencus system. These models are excellent guides

in planning axperiments and evaluating the resulting data.
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Appendix A
Experimental Techiiiques
I. Animal Care

A, Pre-Operative Animal Care: Surgery for the chronically implanted
instrumentation required for vibration studies has been performed in dogs and
and monkeys. Mongrel dogs (10-20 kg.) supplied through the University of
Kentucky Medical Center have been generally satisfac.cry. An attempt to
use purebred foxhounds for more uniformity was not successful - the mon-
grels were generally batter behaved for awake studies and were much hard-
ier for thoracic surgery. Rhes s monkeys (Macaca mulatta), weighing 5-10
kg., have been generally healthy as supplied ty the vivarium at Wright Pat-
terson AFB. As an alternate to the Rhesus, pigtail monkeys (M. Nemistrina)
of a similar size purchased from Primate Imports (Long Island, N.Y.) have
undergene surgical experimentation although none have been exposed to vibra-
tion.

Successful chronic implantation procedures and techniques and surgical
procedures used in tine chronically instrumented animal must begin with a
healthy animal. Success 13 directly proportional to the standards set. Be-
cause gome of our investigations include unane.thetized preparations in arn
environment wnich tends to be stressful to the animal, behavior patterns,
such as nervousness, mus: be discerned before choosing a surgical subject.

The physiological guldelines for determination of normality include
physical examination, qualitative estimation from behavior patterns, and
results of hematological, bacterial culture, and x-ray examinations. Therapy
for canine intestinal parasites 1s repeated until stools are negative. For
the doge a hematocrit val:. of 47 and white cell count of 10,C00 or below is
erpected, The hematocrit Zor monkeys should be 40 to 42 with a white count

of less than 15,000. [a additic~ to these determinations, values for many
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commcnly used variables in dogs appear in Table A-l. Multiple similar

variables for monkeys are listed in the report by McCutcheon, et al. (to

be published).

B. Surgery-Gemeral Procedure: Inclusion of each of the following criteria

involving the surgical procedure has been found necessary to produce a success-

ful chronic animal preparation:
1. sterile preparation
2. surgically convenient and properly prepared implants
3. ninimal trauma and resultant minimal fibrosis within surgical area

4. 1solation of implants from excernal environment

The above criteria complement each other - details of each and specific aspects

of surgery are found in the sections below. Following immediately is a general

overview of th: surgery performed on animals which have met pre-implantation

standards.

Surgery 1is performed with complete sterile precautions using the facilities

in the Fxperimental Surgery Laboratory of the University of Kentucky Medical
Center. The principles of laboratory animal care as outlined by the National
Society for Medical Research were rigorously cbserved. The monkey is preme-
dicated with sernylan and atropine, induced with thiopental, intubated, and
e#nesthetized with halothane. For the dog, the procadure 1is identical with
tha exception that sernylan and atropine are not given. The approach to the
chest 1s through the left €ourth iantercostal space with the various trans-
ducers placed as required. Each lead is passed through different spots using
intercustal spaces other than the one for entry. The rib cage is closed in
the usual manner and the leads are tunneled under muscle layers to emerge be-

tween muscle and skin in the center of the back, between the scapulae. The
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skin 18 undermined and freed up from the original incision to the poirt where
the leads emerge. The leads are gathered together and placed in a fabric ve-
lour bag of our own design (McCutcheon, et al., 1973a) and left under the un-
broken skin. The muscle layers and skin of the original incision are closed
in the usual manner. A chest tupe connected to a water bottle suction is left
in for twenty-four to thirty-six hours.

The abdominal approach is through a mid-line incision in the linea alba.
Females are much more suitable for the abdorinal procedure. The probe leads
are placed on the back in a manner similar to that used for the thoracic im-
plantation.

‘ The fabric velour pouch used to store the transducer connectors under

the skin is sewed from nylon velour fabric (fig. A-1l). rlore recently, a dacron
l velour material has been tested. The pouch 1s initially gas sterilized, and
after its impiantation the - .~ is left undisturbed to allow connactive tissue
growth into the fabric.

Approximately 8 to 17 days after surgery, the level of recovery is adequate
to open the pouch ("windowing" process) and obtain access to the leads. Unaer
tranquilization and local anesthesia, an appropriate length of skin over the

pouch 1s incised. The pouch is opened with scissors and the leads removed and

. tested (fig. A-2). The edges of the skin are retracted and sewn to the outer

layer of the pouch. The inner fabric layer is closzd with suture or steel

e ey

clips (fig. A-3).

After the bag has been opened, the area is kept covered with a dressing and
4 nylon mesh jacket. The jackei has prevented access by the dogs to any exposed
connectors or to the bag itself. Aadfitional caution is exercised with the mon-

key - a cuctom-fitted jacket of porous girdle waterial 1is the iirst covering, and

e R

a sccond jacket of leatler is fitted over this. Both jacke.~ are closed by sew-

in
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C. Surgery - Instrument Implantation Schedule: The standard intra
instrumentation in the dog includes the following:
1. Flow probe on ascending aorta
! 2. Pressure gauge in apex ~f left ventricle
3. Pressure gauge in thoracic aorta just distal to arch
4. Pacemaker ECG leads on right atrium
5. Cannulae in right atrium, ieft atrium, and through subclavian

artery into aorta.

: Otner implanted devices which have been substituted for some of the above

include an intrathoracic temperature probe (thermistor bead) and single axis

i accelerometer.

, The standard intrathoracic instrumentation (n the monkey Includes the

fcllowing:

1. Flow probe on ascending aorta

e
e ey

b 2, Pressure gauge in:

% a. Descending thoracic aorca with subclavian arterial cannulae or

b. Apex of lefr ventricle

————

Cannulae in right atrium and left atrium (unless subclavian cannula

present)

4, Thereistor temperature probe

—
e '!"-‘

4+ [ew carotid implants have succeeded but recording from this vessel 1is

not y2t a standard prncedure. In order to acquire mo:e zrperilence with im-

Wy

plantation techniques in the Rhesus and Pigtail monkeys, several animals

were implanted with right and left atrial cannulae and intrathoracic tempera-

ture probe.

— g — T — g
orv - ] Lamive

Instrument placem~nt in the abdomen (dogs only) includer the following:

} 1. Flow probe and occluder on renal artery
F_ l z. Flow probe and occluder on mesenteric artery
‘ 3. Flecw probe and occluder or iliac artery .

-— b
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D. Post-~Operative Animal Care: Aside from the procedures involved

with "windowing" the implanted pouch, routine post-operative management
includes antibiotic coverage, blood hematology and chemistry tests, dress~
ing changes, exercise and training (if necessary), x-rays, and maintenance
of transducer lead integrity and catheter patency. The fact that these
animals have undergone major surgery and need most if not all of the pre-
ceding dlagnostic testg and care cannot be overemphasized.

The post-operative antibiotic schedule is coordinated through veter-
narlans at Wright-Patterson AFB and the University. Cultures of susgpect
areas are taken and upon receiving sensitivity results, corrective medica-
tion is administ:red. Simultaneous blood hematological (i.e. nematocrirt,
white bleod cell count, differential leukocyte count, platelet estimation)
and chemical diagnostics (total protein, glucose, electrolytes) aid dater=-
mination of the animal's condition and also resultant trends following anti-
bintic dosages. Since many antiblorics adversely affect renal function,
urine chenigtrivs (glucose, protein, bilirubin) and sediment avelysis are
monitored and tiends noted.

In the dog, the original chest incision site has occasionally failed tc
heal completelv, and over an extended implantation time the tissue actually
begins to break down. The scurce of the {nfection has been both external and
internal, the latter arising from one of the lead tracts exlting from fthe win-
dowing pouch. adequate care, including fluid drainage if necessary, and bac-
terial cultures have boun successful courses of action. Of the cultures taken,
most have shown Staphylococcus aurcus (coagulase positive and negative) while
others have grown Staphylococcus epidermis. Other than topical olntments or
powdeiy, post-surgical treatment 1s accomplished routinely using Combiotic (some-

times in combination with Loridine) for 7 to 14 days. Later cultures havirg

-~
1




h: = —EEE— —~———— —— g

§ gy Densrmisiy

P " P g—

o wilivolnd

ali ¢ andiamint T T

the atove mentioned growths have usually baen sensitive to and treated with
Erythromycin or Keflinm.

Intensive antibiotic treatment in the monkey has been the only route to
curb a frequently o:curring infection usually beginning in the outer tissue
surrounding the fabric pouch. <Common species found have been primarily Pgeu-
domotias aer.ginosa with otherg being Proteus mirabilis, Enterobacter aerogenes,
aud Eschevichia coli. As with the dogs, Comblotic is also given after surgery
followed by treatment with other anvibiorics if necessary. This latter course
has included Gentamycin and sometimes Carbenicillin, Chloramphenical, Loridine,
Ampicilliin, and Keflin,

The animal 1is weighed periodically and quality and quantity of intake and
output are observed, If nutrition seems in.dequate, special efforts are made
to tempt him with favorite foods, and hand-feeding is performed if necessary.
Blood stutus is monitored as indicated, and injections of {ron and vitamins
arc gilvern,

The r:.al use of x-rays over the period of implantation provides a vaiu-
able diagncetic tool not only in determining the health course of the animal
but also the status of the implanted transducers. Lung inflammation and other
abnormalities within the chest region can be detected. Often if a transducer
does fail, an x-ray will bring out a Lroken wire conrection or kink in a can-
nula and corrective measures, if vossiblc, are taken. A representetive family
of x-rays taken from a dog and monkey are shown respectively in figures A-4
and A-5. 1In these post-operative pictures the absence of congestion and abncr-
malities with concurrent blood analysis and observations are used to determine
the qualification of each subject for experimental investigation.

One further aspect of post-coperative care which is very important to our

particular protocol is that the animal receive gome exercise and ¢ form of adap-

H 6
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tive training. Both dogs and monkeys are normally caged, and the routine

e

of deily or nearly daily walks or tasks is necessary to examine fitness for |
vibration, speed recovery, and adapt the animal to the personnel involved with

the experiment. Experiance has shown that prior .vareness of (not necessarily

[ —

adaptation to) the vertical restraint chair (easpecially dogs) tends to calm
; the animal and result in a more meaningful experiment. Adaptation to over-
' the-head helmets for respiratory studies has also been benificial. Further
! improvements in post-operative behavioral care are being worked upon and the

areceding examples only i1llustrate this complex, yet often overlooked, area

—————

of animal care.
‘ Since the chronically instrumented animal is usually sacrificed under in-
vestigator control, an autopsy can be performed. Much vital information is

available from these examinations which have been routine upon the death of a

chronic animal. Tissue specimens are sent to a pathology laboratory and the
results of the microscopic examinations have guided us during program develop-
ment, particularly in three areas: 1) tissue ingrowth patterns of the nylon

(and dacron) velour materials; 2) specific Jiagnosis of any pathology, if pre-

sent, in the major organa of the animal (i.e. heart wall) muscle, kidney,

aortic vessel wall); 3) improvements in surgical technique or implanted trans-

[P

ducer design. Specific references to such results are found in succeeding

sections of this report.

h w—— -
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I1. Chronically Implanted Ingtrumentation

The selection of instrumentation and/or materiale for implantation is
one of the more difficult aspects of developing a cnronic animal preparation.
Experience is a large asset and careful evaluation of any device prior to
and during chronic implantation is of the utmost importance. The faillure
of one component in such a preparation can be costly ir terms of money, man~
power, end time. Therefore, in our laboratory we have devoted a great deal
of effort to these concecns. The following secticns describe the implanted
instrumentation ured in our latoratory, and the procedures we follow. In-~
cluded with each description are design considerations, specific surgi:al
techniques, and results of evaluation tests. The techniques are covered in
considerable detail since they are extremely important for overall prograu
succeds.

A. Blood Flow

1. Implentation: Blood flow measurement is one of the most valuable
componenta f the techniques used for evaluation of the circulatory effects
of vibration., For cur standard chronic animal preparation, electromagnetic
cuff-type flow probes are placed around the base of the ascending aorta. At
this location, a satisfactory physiological zero flow baseline is present -
vesrel occlusion is unnecessary, in contrast to the situation for peripheral
ve.gsels. Unfortunately, however, the wall of the blood vessel under the probe
at this site is subjected to large stregsses due to the rhythmical wall pulsa-
tions and limited anatomical space for probe placement. The effects of vibra-
tion (see results section concerning accelerometer placement on the flow probe)
compound this trauma to the vessel.

To strengthen the flow probe-aortic tigsue interface, &nd to minimize the
c upture, some of the probes have been narrowed to decrease

the probe-vessel contact area and allow the probe cuff to surround a shorter

H 8
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section of aorta. A common curtain material (Sears "Entree Tailored Panel, 100%

polyester Sheer Marquisette") around the vessel under the probe seems to minimize
deterioration of the aortic wall. Dacron mesh or silastic used in a simmilar man-
ner was not as successful. Even with these methods coupled to careful surigcal
implantation, rupture of the aorta, generally between the heart and probe, accounts
for 60X of the deaths in our chronically-prepared animals (note: improving the
procedures for implantation of the aortic pressure gauge has nearly doubled this
percentage).

A tepresgentative pathology report describing the effects on an intact aortic
wall under the probe after 56 days ( cause of death in Dog 1600 was rupture of tho-
racic gorta at pressure gauge site; flow probe: In vivo metric SL-1B, #2108, 20
mnm I.D. probe, curtain wmaterial) was as followa:

Sections of the aorta from the region of the curtain reveals

the material on the outer surface of the aorta and each of the

individual threads i1s surrounded by fibrous tissue. The aorta

progressively becomes normal toward the intimal side. The outer

half of the aorta in ttils area reveals separation of the elastic

fibrils with fibrosis between them. In the most outer portion

there is some fragmentation of elastica, The curtain appears to

be firmly embedded with this adventitial tissue.

The changes are more extensive when the cause of death 1s aortic rupture
proximal to the flow probe. The pathology report typical for this latter situ-
ation (Dog 822, Zepeda #923, 18 mm I.D., Dacron mesh, duration of implantation
20 days) was as follows:

Section of the asortic wall under the flow probe near the site

of rupture reveals a portion of the aorta with a zone of fibro-

sis in the outer two-thirds of the aorta, merging with fibrosis

within the adventitia aud the meshwork. At one point at the very

edge tlie wall appears completely necrotic. This probably repre-

sents the point of zupture.

Alterations in the aortic wall in monkeys are similar to those of dogs.

The intact vessel wall under the flow probe (¥ig:aill monkey PT4: Zepeda AA~

#1142, 9 om 1.D., curtain material, duration 51 dzys) was the subject of the

following report:

:'19
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Section of the aorta shows an intact intima and an intact media.
There is evidence of the foreign material of the curtain in the
adventitia associated with fibrosis and some degeneration in
the very outer portions of the media. There is also assoclated
; intimal fibrosis.

The above results support the conclusion that a reinforcing material
under the probe probably provides a useful additicnal interface between the
vessel wall and probe.

! 2. PFlowmeter and Flowprobe Evaluation: For a flow probe located on the

agcending aorta, a satisfactory physiologica. zero flow baseline reference is

————

present. This baseline can drift, however, depending upon the flow probe and/
or the flowmeter to which the probe is connected. A number of specific causes
have been detailed (Gordon, 1971; Cappelen, 1968; Hagnestad, 1961, Dobson,

) et al., 1966; Spencer and Denison, 1959; Fryer and Sandler, 1971) in the litera-

ture.

Electromagnetic flowmeters undergo continuing evaluation in our laboratory.

; Those currently in use are clearly not optimum instruments (Blotronex laboratory,
Maryland, Model 610 Pulsed Logic Flowmeter, and Zepeda Instruwents, Seattle,
Washington Model SWF-2 Square Wave Flowmeter). For instance, the Biotronex de-
1 vice has no 'zero'" capability. The Zepeda flowmeter, with careful bench cal: -
braticn, is reported to provide a ''magnet zero" within 5% of the true blood zero.
Preliminary bench tests indicate that for moderate flows (] L/mineflows«5 L/mia),

. the magnet zero is nn more than 5% from actual zero bas:line flow. Howevar, no
» internal calibration for checking flowmeter and recorder amplifier gain 1is avail-
i able on the Zepeda instrument. More long-term drift studies need to be done 1o
) permit adequate comparisons of different probes over a period of time or the nam:
probe over different time intervals. Evaluation of flow meters measuring smaller
peripheral flows with chronically implanted probes requires vascular occlusive de-
vices more satisfactory than any developed to date in our laboratory. Further

' ascute animal studies are now underway *o add more information and direct our efforts

to solve this problem (cee also section B).

410
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Three different manufacturers' probes have been implanted in our chronie
animals. In the dogs, we have used flow probes made by Zepeda Inatruments,
Biotronex Laboratory, and In Vivo Metric; in monkeys, we have implanted Zepeda
and Biotronex transducers. When connected to the BL 610 flowmeter, all tho
larger probes exhibited essentially the same output characteristice in all chron-
ic animals. The IVM probes tended to be the least stable during bench calibra-
tions and implantation, probably as a result of their narrower width and smaller
electrode area. The Zepeda probe, uow the standard in our laboratory, is quite
stable although its greater width contributes to some uf the trauma seen vithin
the wall of the ascending aorta. Bath the Birtronex and (VM probes used have
been more succeptible to internal or connector failures vhi.e implanted and dur-
ing recycling checks between implants.

The outer diameters of the ascending aorta of the monkeys implanted to date
ranged from 7 to 12 mm. In this range the flow probe most used has been the axial
lead, symmetrical core Zepeda probe. A minor drawback of this probe, the narrow
elot key opening, which makes surgical manipulation slighly more difficult, is
more than offset by its stable performance and durable comstru:tion.

A atill emaller range of probe sizes has been briefly studied duriag abdo-
minal implantation. Three to five millimeter lumen diameter probes from the three
msnufacturers listed above have been used. £n evaluation of the performance of
these probes will be available fullowing more experimentation and bench calibra-
tion nowv 1in progress.

The technique of flcw probe connector placemen: within a subcutaneous
Zabric pouch places additicnal restraints on the probes selected. Requiring a
larger pouch volume and window slit area, the bulky button or bullet connector,
standard wich many flow probes, i1s unsuitable for our particular chronic prepara-
tion. The Zepeda connectors have a base of shrink-tight tubing and male pins

cealed with shrink-tight during storage. These have proven satisfactory in terms
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of gtorage space and reliabilicty. It has yet to be determined whether a con-
nector system of two small diameter (2.25 mm), silastic covered leads is more
compatible with our particular chronic animal preparation than the single lar-
ger (0.D. 2.5 nm) silastic insulated lead common with the button connector
found on large probe sizes.

3. Bench Calibration: All incoming flow probes are tested and bench
calibrated before use. Probes in use are tested for electrical continuity
between implaats and are periodically calibrated using galine and/or blood.
The purpose of the bench calibration is to evaluate the linearity of the
probe with age (especially for low flows), and to provide a flow calibration
number (CAL) which can be compared with in vivo dye curves. A listing of
some of these results 1s found in Table A-~2 which also illustrates some of
the variahles employed for bench calibration.

For larger probes (18 to 22 mm I.D.) cellophane dialysis tubing has been
used as a substitute for the blood vessel wall. Scaked for approximately
thirty minutes prior to testing in normal saline, the tubing is connected into
a gravity flow system where the pressure at the prube level is held constant
at 125 mmHg. Besides being convenient, the dialysis tubing forms a stable seat
for the cuff-type probes tested. Multiple probe testing can be accomplished
with this system providing care 43 taken to minimize psossible elcetrical inter-
ference between nearby probes.

Typical bench calibrations using normal saline and blood of varying hema-
tocrits (derived from packed red cells mixed with normal saline) are plotted
for two Zepeda flow probes in Figures A-6 and A-7. Representative straight
lines fitted to the points (least squares method) indicate that in both plots
(except for one case), the probes had greater sensitivity with saline. Higher
hematocrits tended to result in lower sgenaitivity. For other probes, the di-

rection of sensitivity when using dialysis tubing has been consistently the
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same. The overlap of points indicates other factors that may influence the
curve slope such as daily variations in methodology (Fryer and Sandler, 1971;
Cutherbertson and Gi{lfillon, 1971; Cappelen, 1968). No definitive pattern
has been seen in relation to the duration of implantation and/or age.

For the smaller monkey probes, a variety of materials have been used to
anchor the probe for calibration trials. Dialysis tubing has only been avail-
able for the 6mm size. Blood vessels (abdominal aorta of small pigs) and
latex tubing have been used for the other sizes. The probe is inserted within
this latter waterial and the leads are brought out through a sealed joint.

For the calibration plot of a Zepeda (7mm 1.D.) syumetrical probe appear-
ing in Fig. A-8, the probe was placed inside the tubing. No specific trend in
sengitivity is evident in the plot. Similar probes calibrated from a position
within the flow stream have ylelded results also indicating saline produced a
greater relative output. Bench tests using saline and excised pig aortas re-
sulted in increased sensitivity, compared to the system employing direct bleod
electrode contact.

Flow probes having a lumen diameter less than 6mm and intended for peri~-
pheral veesel use have usually been calibrated on an intact vessel by bleed-
out volume/time determinations. When donc either acutely or chronically, this
procedure provides an adequate calibration factor in lieu of dye curve deter-
minations which become more complex fur peripheral vessela. Bench calibrations
on small proves have been accomplished using dialysis tubing or latex tubing
(probe in flow), but such techaiques are used only for linearity evaluations and
CAL signal comparisons.

4, Dye Curve Technique: A standard procedure for calibrating chronically
implanted electromagnetic flow probes by the dye-dilution technique has been
developed in the laboratory. Chronjcally implanted catheters in the right atrium,
left atrium, and subclavian artery make possible several combinations of dye in-

jection and blood withdrawal. Normally, a bolus of indocyanine-green dye (approxi-
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mately 2.5 mg for dogs and 1.0 mg for monkeys) is injected through the dye-
filled right atrial line without flushing. The blood-dye mixture is with-
drawn from the left atrium at 10 ml/min. Both right and left atrial injec-
tions combined with aortic pickup have given i1easonable results, although in
several cases the latter situation appeared to give suspiciously high outputs,
perhaps due to inadequate mixing. The concentrat?.n of this mixture i3 mea-~
sured with a Waters XP-300A Densitometer equipped with an XC-302 cuvette and
recorded on a Honeywell Visicorder (Fig. B-3). The output of the electromag-
netic flow probe is recorded in both phasic (to establish flow zero) aund

wean modes simultanecusly with the output of the densitometer. The height of
the mean flow trace above the phasic zero is measured during the passage of dye
through the cuvette and this trace is analyzed tc give cardiac output.

The analysis cf the dye curve is by the Stewart-Hamilton method (semi-log
replot and extrapolation under the assumptjon of an exponential decay). An on-
line computer analysis of the curves 1s operational (see Appendix B) and allows
immediate {nterpretation.

5. Comparison of Flow Probe Calibration Results: When the bench calibra-
tions are compared with dye curve results for a specific probe on a particular
animal, a wide range of differences from the reference CAL signals is evident.
The dye curves have generally read approximately 30% higher than the bench CaL
signal assigned the Zepeda probes. This i3 approximately the result expected
from theory. However, as evident in Table A-2 this percentage figure is not
conaistent; in fact, some probes having stable bench wmbers have had a wide
range of dye curve calibrations assigned to them.

The varied dye curve versus CAL results are particularly noticeable for
the Zepeda probe SN922. There seems to be little correlation betwezn the de-
rived CAL and hematocrit, cardiac output, or cardiac output normalized to body

weight. A curious and unsolved dilemma concerns Dog #1607 for which two dye

A- 14
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determinations were done. This particular dog eventually died from an aorti-
rupture at the flow prcbe site, indicating tihat aortic wall thickness may have
been decreasing during implantation. Similarly, Dog L185 Jdied from aortic rup-~
ture just two daya after the dye curves, and the dye curve CAL was low.

Variations in probe electrode contact and wall thickness during implanta-
tion may account for the range of (ffferences {llustrated i{a Table A~2., 1In the
previous literature, therc are mary conflicting findings and uncertainties re-

§ garding calibration techniques and dependent variables. For this reason, coupled
with our findings, we rely on the dye curve results to yield a CAL aignael value

l eince the dye dilution measurement is sufficiently reproducible and is recorded

under in vivo conditions,

B. Vascular Occluder

i When an accurate electronic blood flow zero is not available, mechanical
ccclusion of a vessel to obtain a zero flow baseline is egsential. Currently

i we use the occluder design outlined by Khouri and Gregg (1967). A dipping pro-
cess yields small latex cuifs of varyving sizes dependent upon the stainless

i steel mold used. In vitro and in vive (dog) testing with two sizes 1s underway.

; A smaller size (3 mm diam) 1s planned for coronary artery implants, and a
larger size (5 uwm diam) for peripheral vessels such as the femoral artery.

‘ After removal from the mold, the C-shaped latex body is cured for ten min-

utes in a steam sutoclave (15 psi). An umbilical tape backing and “Tygon" tub-

ing (1.D. = ,030", O.b. = ,0G72", Nertor Plastic and Synthetics Div., Akron, Ohio)

are attached to the latex with DAB cement (R.M., Hollingshead Corp., Cemden, N. J.).

Stainless steel wire lcope are glued wita DAB to each end of ths occluder so that

the ends can be drawn togethzr when igplanted around the vessel.

These ovccludera, when tested following the animal's pout-operative recovery

period of approximately two wecks, have provided onlv a fow succeszful occlusive

cycles before malfunction, usuually the resuit of a hiow-cut. Preliminary results

oy -
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indicate the addition of one or two more coats of latex to the original three

layers considerably improves its durability without sacrificing its performance.
C. Blood Pressure

Recordings from the implanted pressure gauges have been reliable and stable.
Qur signal processing system consists of Honeywell strain gauge modules (Accu-
cata 105) and associated DC amplifier units (Accudata 120 DC Amplifier). Vari-
ablle bridge excitation voltage and amplifier gain are available to the operator
and are used during our transducer evaluation tests,

Standard acceptance evaluation tests are run on all pressure gauges that
are i1sed in our laboratcry as previously described (McCutcheon, et al., 1972a;
McCut-heon, et al., 1973b). The transducers are examined for sensitivity, ire-
quency respons2, and temperature drift - schematics of the test and experimental
apparatus are shown in Figure A-9. Between the traneducer's removal and subse-
quent implantation, the sensitivity is checked, Further testing (e.g. tempera-
ture drifc) 18 done periodically to insure the transducer 1s operating properly.

To 41listrate the results of the above mentioned test, a chronological
serieos of t28te and recycling checks done on an implantable pressure gauge is
listed in Tanle A-3. The transducer chosen is a Konigsberg P-21 (SN 15) although
many of our o~her gauget could also have been similarly represented. Including
a total of 12 chronic implantations ranging from 11 to 56 days, Table A-~3 repre-~
sents the transducer's history from its evaluation test during June, J971 to
the most recent examination in September, 1973.

The column labelled '"sensitivity" needs further explanation, for in our
laboracory we get the excitation voltage to match a constant output voltage for
a given input pressure. To accomplish some standardization with previous litera-
ture, the output voltages were normalized to the excitation voltage. Percent

changes in sensitivity reflects the difference from implantation to subsequent
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recycling during which the sensitivity is recalibrated. The change in sensiti-
vity varied from -1.9% to +0.8% with no congistent pattern seen as the transducer
aged, and the percent change in sens{tivity remained small.

Evaluation tests on the P-21 #15 showed little change from 1971 to 1973. The
linearity test (including hysteresis) was accomplished by subjecting each gauge to
25mmHg pressure increments from O to 307 mmHg followed by 25 umHg decrements to zero
pressure at 37°C. Tenperature stability tests include zero-pressure drift measur-
ments over a 32°C to 42°¢C range in a water bath, water (37°C) to ambient air to
water (37°C) tranasientg, and a long-term three to four hour stability test in a
37°C water bath, Further test specifications and methods may be found in previous
articles (McCutcheon, et al., 1972a. McCutcheon, et al., 1973b).

Currently in use as implantable pressure transducers are Konigsberg (Pasadena,
California) and Bio-Tec (Pasadena, California) models. 1In dogs for aortic and left
ventricular placement, 5.0mm (P-19) and 7.0mm (P-21) Konigsberg gauges as well as
6.5mm (BT~250T) Bic-lec transducers have been used. Smaller 4.0mm (P-13) and 4.5mm
(P-12) Konigsberg transducers have been implanted in the monkey's aorta and left
ventricle. The above gauges have been satisfactory in terms of performance and
durability. Occasional transducers have failed our acceptance evaluation tests
and were returned to the manufacturer.

After the presaure gauge has been tested, & silicone rubber (General Electric
RTV-112 Adhesive) 'washer" is molded behind the sensing element. A typical pre-
paration 1s shown in Figure A-10. The gauge head i{s then briefly treated with
TDMAC and heparin anticoagulants (see Cannulae section for details) before gas
sterilization.

A significant improvement in aortic wall integrity at the pressure gauge
eite has occurrcd since placing a silicone rubber "washer' between the aensing
element and vessel wall. Since the initation of this method, 16 dogs have been

implanted with an aortic gauge and no deaths have result:d from wall rupture at

*II' 17
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this site. Previously, damage at the aortic gavge site accounted for approxi-

mately 25% of the deaths. Apparently, the motions resulting from the heart's
contractions (and probably the experimental vibration) caused the sharp edges
of the pressure gauge sensing head to break down the surrounding tissue. Pres-
sure transducers in the left ventricle are also fitted with a silicone washer.
At the aortic implantation site, silastic sponge material (Dow Corning #812) is
also fitted around the vessel for additional support.

Clot formation over the treated porticn of the transducer withiun the vag-
cular system nas generally not been a problem. Proper placement within a veasel
or chamber is very important. Autopsy results have shown that when the gauge i
inserted too deeply into the vessel (aorta), there have been occasional, yet well
developed clot formations anchored to the gauge's wire connector. The depth of
penetration of the pressure transducer in the left ventricle appears also to be
a critical feature, especially in the monkey. Clot formation in this location
has been minimal, althouph when the gauge is pulled closely to the wall at the
apex, a combination of tissue growth and/or thrombues formation has occurred. With
this latter placement, or when placed toc deeply into the ventricle, the resulting
ventricular pressure trace has exhibited an abnormal waveform, probably as a re-
sult of pressure transients arising from lateral compression of the transducer.
Noie of our dogs have shown such phenomena. The relatively small size of the mon-
key's left ventricular chamber coupled wicth possible changes in contractile pat-
terns associated with the increased cardiac output of stress may also account for
the occasional presence of these sharp artifacts.

Both the Konigsberg and Bio-Tec transducer connectors have been generally
reliable and durable. Vhen not opened for a period of two weeks during implanta-
tion, both connectors have exhibited some fliid leakages when sealed as recommended.
A commercial cleaner (Freon TF Degreaser, Miller - Stephenson) has worked well

for cleaning these female pin connectors. Being relatively amall (approximately
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0.25" diam., 1.5" long) the connectors are well suited for the fabric pouch vsed

in the chronic animals.
Eitravascular transducers have been used for calibration of implanted gauges
or pressure measurements during an experiment. These transducers undergo much the
same evaluation tests as do the implantable gauges. In vivo calibration of the
implanted aortic gauge is accomplished by using a gauge (Ailtech MS-10B, City of
Industry, Calif.) connected to the aortic cannula. The ventricular gauge is cali-
brated by measurement of left atrial pressure through the cannula to that cham-
ber. A manometer-tipped catheter (PC-350, Millar Instrument Co., Houston, Texas)
has been used to measure pressures when vessel cutdowns are necessary or appropri-
ate. In contrast to the system employing a fluid filled line, the catheter-tip
gauge exhibits minimal vibration artifact,
D. Pacemaker Probe
Since some of the more recent investigations require control of heart rate,
a pacing probe hag also been implanted routinely. Earlier attempts to place a
pacing catheter acutely (femoral and external jugular vein entry) prior to the ex-
periment weir. not always successful, especlally when the animal was subjected to
vibration. Capture of the cardiac pacemaker was intermittent, probably due to
failure of the pacemaker electrode to seat itself firmly in the right ventricle
during vibration. To pace the animal we have been using a Grass Stimilator (Model s@
$4G) connected to the pacemaker lead via an isolation unit (Grase Model SIU-4B). :
The bipolar pacing lead has also allowed relatively artifact free monitoring of an
ECG signal duriag non-pacing experiments. No pacemakergs have been implanted in
monkeys. ‘
During fwplantation the pacemaker wire is suturced to the surface of the right
atrial wall. A commercial semi-floating pacing probe (Elecath #561, 4 Fr., 100cm)
has been implanted in the majority of dogs, and because this pacemaker is intended

to be dispnsable, and is in fact qulte fragile, a new pacemaker must bz used for




eacl: dog. Recently, we have alsc used silicone rubber insulated wires (#29-51 x
46 Stranded Copper Conductor, Caltron Industries, Berkeley, Cal.) terminated on
the atrial end by a soldered ring and on the pouch end by a samall male connector
fitting. This latter approacl. again employs two conductors (bipolar pacing) and
we further coat the wires with medical grade Silastic (#861, Dow Corning).
Further atudies need to be accomplished to determine if lead corrosion over a
nominal implantation time of 30 days adversely affects the pacing pulse, To
date, qualitative results have been satisfactory.
E. Cannulae

Placement of cannula directly into the right and left atria of both monkeys
and dogs has become a routine feature of the animal surgery. To calibrate an
implanted pressure gauge located just below the arch in the descending aorta, an
additional cannula is inserted into the left subclavian artery which is then tied
off. With these cannulae, mixed venous and arterial blood samples can be taken.
When an extravascular pressure transducer is connected to the left atrial line,
a pressure equivalent to left ventricular end diastolic pressur: may be obtained.

The reliability of the cannulae for blood sampling and pressure calibration
has varied depending upon the animal, the care taken in placement, and cannula
design and construction. The tubing used in all our cannulae is "Tygon" plastic
tubing (Norton Plastic and Synthetics Div., Akron, Ohio) having an I.D. of .038"
and 0.D. equal to .072". Joints between the tubing and fitted materials (e.g.
polyethylene y-yoke) are made with DAB cemeat (R.M. Hollingshead Corp., Camden,
N. J.), Resistance to kinking has been excellent and i: has held up quite well
for implantation times of four months., The anti-coagulant treatment (see below)
tends to reduce the tubing's placticity, but not enough tc cause kinking or split-
ting after implantation. Tissue growth over the cannula tips in the atria has
caused occasional problems by acting as a one-way valve. Differant shapes for the

inlet portion of the cannula are still being investigated. The portions of the
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cannulae which would be placed in the atrial chambers are illustrateua in Fig-
ure A-11l. Both designs are being used presently, the straight tip in the left
atrium and y-yoke 1n the right atrium. Getting a consistently reliable right
atrial sample has posed a still unsolved dilemma as autopsies have regularly
demonstrated rampant tissue growth over any cannula tip in the right atrium
while the left atrial tip has remained free. The y-yoke tip (8) present a large
surface area for sampling - in fact, their use has heen prohibited with some of
the smaller Rhesus monkeys - but the game type of one-way valves have formed. At
present, our solution to maintaining right atrial sampling hes been to check cath-
eter patency as soon as possible after surgery, and to flush daily. The cannulae
inserted through the subclavian artery (Fig. A-11) into the sorta do not seeuw to
have the problem of tisauc lockage and have been very reliable for sampling and
pressure measurements.

Another method for obtaining mixed venous blood using the cannula in Fig. A-11
has been in the testing stage to date. Entry through a branch of the vena cava,
such as the azygous vein, into the atrium, and then possibly acroass the tricuspid
valve into the right ventricle has shown some preliminary success. Apparently
less tissue can zccumulate on a "floating' type of cannula as opposed to the tubing
rigidly attached to the atrial wall,

Anticoazulant

A coating of "TDMAC" (Tridodecylmethylammonium Chloride - Polysciences, Inc.)
and heparin prior to implantation has been successful in preventing clot formation
on the implanted tubing. A two-step process is currently used (Grode, 1972), and
the tubing 1s allowed to dry thoroughly between and after treatments. Because the
TDMAC solution tends to remove plastomers irom the "Tygon'" tubing (Leininger, 1972),
the cannula tip 18 briefly dipped into and flushed with the TDMAC solution. After
drying, the tubing 1s soaked in and flushed with the heparin solution for approxi-

rately 10-15 geconds, then allowed to dry before gas aterilization.
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F. Accelerometers

To enhance the study of vibration-induced acceleration, individual organ
accelerations may be exawined with an implanted commercisl accelerometer (Konigs- -
berg single axis accelerometer, Models Al and A2). Data have been obtained from
the ascending aorta (rigidly attached to the flow probe) and from the descending
thoracic aorta helow the arch. To facilitate surgical placement and allow axis
identification, a silastic hase was molded to the accelerometer at a cost of
adding some mass to the acceleromneter. Further development of surgical technique
and/or smaller sllastic anchoring hinges is progressing to reduce that particular
drawback. Other organ acceleration sites are planned, but these shcould present nc
implantation problems.
The implanted accelerometer received in our laboratory 1is subjected to eval-
uvation and calibration tests {some of which are similar to those involving im-
plantable pressure transducers described previously). Static tests include tem-
perature drift, * 1G sensitivity ratings, and cross-axis responses. CLynamic sen-
sitivity, frequency response, and cross-axis response are tested using the vibra-
tion system facllities and precalibrated accelerometers in the Wenner-Gren Labora-
tory. The Konigsberg accelerometers have generally been satisfactory (although
one accelerometer developed an erratic sensitivity due to an internal malfunction
shortly after receipt). An in-vivo t 1G calibration for an experiment is accom-~ )
plished by rotating the animal in the desired axis. ?b#
G. Temperature
To record an accurate internal temperature, a precalibrated thermistor bead
(Yellow Springs, Inc.) has been implanted in the thoracic cavity and sutured to
the muscie layers. Earlier troubles with fluid leakage into the connector wire
and wire breakage have been nearly eliminated by encasing the lead in flexible
silastic tubing, sealing the bead end with silastic adhesive, and closing the

connector end with suture tie and shrink~tight tubing. In cases where an intra-
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thoracic probe was not implanted, rectal temperature has been measured via an
acutely placed probe (Yellow Springs, Inc.). This recording has not been as
reliable as information from the implanted sensor since we have had some pro-
blem maintaining a standard anatomical (and temperature) rcference point dur-
ing the z~-axis vibration, Either a Honeywell Temperature Module or Yellow
Springs Scanning Telethermometer serves as the first interface between the
probe and paper chart recorder and/or computer.

H. Implant Support Mcterials

Included in this section are the qualitative evaluaticns of materials asso-~
ciated with the devices implanted in the animals. The investigation revolves
primarily around the uge of nylon and dacron velour fabrics. Determination of
the success of the implant material has depended upon the results of tissue exam-
inations and gross observations made during the chronic anlmal's implantation
period.

In the majority of implanted animals, the skin tiassue - velour fabric pouch
margin has formed a tight seal upon both gross and microscopic examinations as
summarized in Table A-4. Sections generally show skin with an unremarkable epi-
dermis and upper dermis. Further microscopic findings indicate the pouch fibers
are embeddcd in fibrous tissue arising from the subcutaneous layers.

Excepting instances where many pouch cpeniungs can be expected (i.e., most of ’ﬁ@
our monkeys have required almost dafly atteation to maintain right atrial cannula
patency), the double layar nylor velour pouch has become the standard pouch im-
planted. The dacron pouch serves as an alternative as it is a stronger material
over long implant times than nylon., Different tissue ingrowth patterns have not
been noted between these two velour fabrics, but our experience with dacron has
been iimitec.

Because of che nylon velour's capacity to form a firm fabric-tissue inter-

face, this material's use has been extended to other areas of the surgical pre-
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varation, Autopsy examination of the velour covered leads has revealed that

an effective tissue seal has formed along what would have been the lead track.
The extent of the foreign body (tubing, DAB cement, velour) reaction has not
been gufficiently defined at present. Without the velour, varicvus degrees of
fistulae have formed along the lead sites regardless of the composition of the
implant devices' leads we currently employ: silastic coated wires, polyvinyl-
chloride insulation, "Tygon" tubing, and various other plastics.

The addition of a velour layer to the leads does, however, create more lead
volume and more tissue must bte disturbed when routing leads from the chest to
the pouch. 1If bacteria invade the implanted velour, the treatment of the infec-
tion is a much more severe problem than i1f the material were not there, for the
fabric site containing the bacteria is nearly inaccessible. Whether the addition

of velour to the leads 1s beneficial to the overall chronic animal preparation
has not yet been determined.

ITI. NON-TNVASTIVE MEASUREMENTS

A. ECG & Temperature

Depending upon the particular experimental protocol, skin electrodes (Beckman)
are also avallable for external measurement of ECG. Skin temperature probes (Yellow
Springs, Inc.) arc applied for measurements of surface temperature.
B. Oxygen Consumption

Oxygen consumption has been measured on both unanesihetized and anesthetized
aninals. A flow-through system (Fig. A-12) is employed for awake dogs and wmonkeys;
that is room air drawn past the animal's head will show a decrease in oxygen content
dependent on the amount of 02 consumed by the animal. In an anesthetized prepara-
tion, oxygen consumption is determined frcm the known respiratory volume and rate
and by sensing the partisl pressure of oxygzen in the output port of the respirator.

Further helmet-mask development for the dog (Fig. A-13) 1is occurring with em-
phasis, as was done for the monkeys, on obtaining a uniform room air flow rate

past the exhalation site.
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Not all dogs have accepted the plexiglass helmet upon initial trials and

it has been necessary to acquaint the dogs with the helmet. The helmet in its
preliminary design is secured to the vibration restraint chair with tape and
padding. Helmet design requires allowance for space for the dog to pant as they
do during a vibration protocol. Our brief experience with a latex mask, which
did not have enough dead space to allow panting, showed that a dcg's internal
body temperature rose noticeably in a short time period.

The monkey helmet (Fig. A-14) is formed from lightweight, transparent plastic
and is secured to the vibration restraint chair by a large hose-clamp. With the
present design for monkeys, we use two different size helmz2ts depending on the
size of the monkey. The bottum plate of the helmet has holes allowing a controlled
room air inflow aad a rubber seal which fits loosely around the monkey's neck.

Room air flow rates are contrelled bv an electric blower and monitored contin-
uously by a Fleisch pneumotachograph (Lustrumentation Associates, Inc.) connected
to a differential pressure gauge (Statham). This combinatjon, after calibration,
results in a hard-copy recorder printout. Tor the monkeys, an air flow rate of
10 L/min is generally used. For dogs, this is increased to 15 or 20 L/min. Flow
rates below these values tend to compromise the quality of the mixing of exhaled
and room air plus altering the normal partial precsures of inhaled gases. The !

sensitivity of the measurement decreases with increasing flow rate.

”’;"

The nixed ratio of exhaled air and room air is then sampled continuously with
a vacuum pump at approximately 400 ml/min. To eliminate varying temperature-
humidity effects in the open system, before entering the oxygen sensor c>'1l (Applied .
Electrochemistry Inc.), this sampled mixzure 1s pulled through a drying tube. A B

readout voltage proportional to percent orygen content 1s then available f{or the

recorder and computer (where 02 consumption over a selected period of time is cal-

culated).
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Calibration of the air-flow system is accompli.hed with the use of a bubble-

flowmeter (precalibrated) and vacuum "ine. The O2 senzor has been periodically

checked with tanh oxysen concentrations: a high end of %8% O2 and low end of 117

0, are used. Daily standardization is accompliished by reading "dry" room air. ’ﬁ
The response time of the AEI thermal cell sensor is in milliseconds, but the
overall response times of the flow-through system are much larger. Depending upon
the dead space vo.ume in front of the sampling line, the delay in generally 2 to
5 seconds. The drying tube adds another 6 seconds to the response time and there-
fore the final hreathing pattern seen is quite damped. To determine a respiration
rate more accurately using this method, the air in the system can be heated to the
internal body temperature and drawn through the sensor whilz saturated with water

vapor. At rresent, this latter method is being developed.

{
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IV. Summary of Chemistry-Hematology Measurements

Depending upon the animal's condition and the experimental protocol,

the following tests as summarized are conducted on a routine ‘.asis:

1,

PH, p02, pCO2 (Radiometer determination - Radiometer A/S,
Copenkagen, Denmark).

O2 and CO2 content (Van Slyke technique or nomogram calculations
from radiometer and hemoglobin measurements).

Free Fatty 4cids (modified technique from Novak, 1965, in
Laffertv, et al., 1973).

Cortisol (competitive protein birding assay of Murphy, 1967
and Beamer, et al., 1972).

Glucose (glucose oxidize - peroxidase method-GOD-Perid,
Boehringer Mannheim Corp., N. Y., N. Y.).

Hemaglobin (cyanmethemoglobin method - Globintest, Pfizer
Diagnostics Div., N. Y., N. Y.) and Hematocrit (capillary
tube),

White Blood Count {hemacytometer) and Differential WBC
.ount (slide using Quik Stain, Chemstat, Inc., inglewood,
Calif.).

Other hem=tology tests such as sedimentation rate, red cell

fragility, and reticulocy-e count ar: performed when indicated.

r27

-— A o



uotT3dINI]sUos

Mmoys

01

po

Q
I

sodxa

~ B

-adeys [[raoa0 pue 194e] 91qnup JO STle3sp
3oBJANS 1ouul Y1TtM yonod Ino[AA uojAu psIeTOSI

z L Jnisw

i

T

28



“siep

ajeaedas uo yYoEa sUOISSas Jeaudwlaadxd 191ad omy 103 pauado uaaq sey yonod sIYyL
‘uotzejuALTIAdXa 51039q 388103S WOXJ PIAowWdL ulaq 3snl pey IBTNUUEL pUB S10329UUOD
peal oyl - {£091) Sop e utr sfep 1z 193 patueldwt yonod ino(aa uofdu 3o dn-asol) Z-v '314

4. 29




Juawtaadxa

~2r4 vl pajou uolye
e yonod uotfu pajuepdwl ¢-V

Coe¥

19935 yila 2a0sU{d 1913

"84

guimoproy sd112

o P | i nal ——— e




F1 3uaw3iedil d1j0lqljue
FulzTapumuns doq 103 e
0091 3

*8Y 0°81 = IHOIIM
D,£°8¢ = (1vi03¥) ~dW3Al
woe
mes\oom.mH
Lep 1z -do-13s0d

2i/91/9

1OH
oaM

I

0091 20a

av3 apind © se “ulnaas pue Y3[Ee9y [eI2UDS § TeWIUE
1eo180103Eway Hurpucdsaiadd yiim shAea-x 1elass hey

"dWAL

131
odm

0091 9504

jep
3% 9°81 = IHOIIM
2.€°8¢ = (TVL1DIY)
YA
mss\oom.mw
Aep 11 -do-3sud
2L/S2/S

*Laessda3u

P

"8 1°61 = IHOIIAM
D.8°4¢ = (IvlIOAY¥) "dWAL
%9€ = ILOW

msa\oow,NH = J9M

*dg-2ag
¢L/8/S

0031 204

’f - 31



-£193ans 210va0Yy3 WOIJ KIDA0I31 aa1ssaa180ad Buiirdipul
2% A9vuop 103 elep juaut3ziad pue ‘sfea-x ‘sanyea AZ0]0JBWAY SAISSIIONG G-y 314

*3y 09 = IHOTIIM "84 %9 = LHOIAM "3 ('6 = LHOIaM
%6°9€ = IOH %H€ = 1OH %6€ = LOH
mee\oom.ﬁ = J4M mEBmN.E = DdM mes\ooo.S = DEM
Lep i1z -do-3sod Kep 11 -do-3sod +dp-3ag
€L/1e/s % ADANOH £L/1g/s 7% ATANOK €L/s/1 Ty ATANGH

o= 32

duttli




s e

*3qoad MOTJ U0 10J SITNSBL IAIND akp pue (3utgml
sTsA]eTp uO) uOTIBAqITED YdU3q Sulanp eIpaw snolliea 193 sjutod #O1F¥ 3O 301d 9~V -814

(SHOA) ,J313WMO} 4 4O abnjjoA IndinQO

60 80 20 90 S0 vo €0 20 10 o)
I _ * T _ _ _ _ 0
" (COG = Butlidg uto9)
_ 01919 13POW
— “ JOJOWMO]4 X3U0i0Ig, — ¢
_
|
—  3bojjoA _co\\__ ] v
)
i §
m (2L-2-11) ] ww
| %, 8€ = LOH ' BY6I= 1M 2091 #0600 ¥ ol
" (e 1-12-01) %EE=LOH BYI1Z=1M 2091#600 T y
- i (22-ve-D)%LE=10H' ML= 1MGBIN1#600 ¥ -{g 3
y (€J-8-2) %S heLOH BYGZ=1m'6l11#Boa @ 2
(€2-2-G)%6€=LIHONBI=im'GBI# boQ X
(J01J3 PIDPUDIS FYIM) UOHDIGHDD DAY - 3rn) hg
(€2-11-9) %Ot = LIH'PoOg uownH & — Ol
| (22-G-1)%O0b =1JH'pooIg WWNH ¢
_ (C2-02-2)%2b=1IH'Pooig uowny 4
" (£2-22-2)% L€ = LOH'POOIG UDWIH ¢ |
_ (€2-G-9)19ON%60 ©
" (€2-22-2)10°N%60 ®
| uONDIQHDYD O4NAU|-YIuRg
| wﬂll | | 1 _ ] _1 pi

T 22 dvend ey Upe 3o WQT0 eemdeeT s bR
- - . g - ) y"l'l.lr‘l"llr

e s, S

- 33




“£Z6 NS 8quad epaday -um g 10J S9AIND UOTIIRIQITED pa33TJ salenbs 3Jsva] /-y 814

(SHOA) ,1313wMO}4 JO 36D}jOA ndinp

60 80 20 90 GO b0 ¢£0 20 0 0

] _ I ! ! _ ]

[00g =buniss ung]
'019-1g [2POW
J313WMO| 4 X3uo1jo!g

\

" _.——.-—-—\_— v i ame am an  ~=ee

— 3bojjoA D)

(12-21-6) %8¢ =L JH ‘DXBI:IM 60688 D20 §
(22-€I-€)%SE = LOH'ONG BI-=M ' 65GS# Bogk
(2L-8-11)%LE = LIH'OMBI=IM' 2284 Bog ¥
(#0113 PIDPUDIS F YITM ) UOHBIQHDD OAIA | - 3AINY) 34Q
(12-G2-6) %G 9¢ = 1 JH ‘poojg uownHA
(2L-P1-1) %St = LOH .u8_m Uown| @ __|

Mm\.-w NW % L€ = LIH 'pO0Ig uDung
% 2t = LOH ‘poojg uwownq g

(€2-H-1)ID0N %60 O UoI}DIQIDY) OJHIAU| - Youlg

_
“
_
_
“
i
|
|
|
{

I | l 1 | ]
€26 NS 3q0i4 MO|4 0padaz wwg| 4O UoHD.QED)

!

— . ' PR ' [

N

o]

A

(Wiw/7) moi4

AN AL caid e

34



"6¢0T NS @qoad mouiy rpadaz fum / ®
10) sjulod AIND 24p pue (PIN[J YITM IDOLIUOD IPOIIID[3 IAD3ITP) UOTIBIGLIED Yousd 8-V *314

(SIOA) s3jdwmo|4 Jo aboyjop IndinQ

Sv Ov S¢ (03 X4 0¢ Gl Ot SO 0 0
| ] | | I R | T 7
(006G = buliias u9) aboyjon _81.“ v
019~ 118 13Pow 5/
— ;)3WMO| § X3uouj0Ig, = \ — 1
= -
. § ] N
= . _ L
> P X e
z | =
- » i —He3
5
— W A - b
(2L-8-9) %6E=1 M OH00=IMBBY # AN F | _
(22-81-2)%22=10H '6%0G= M 88b# ASHUOW x
(10413 PIDPUDIS F YiI/A) 401DIQIDD OAIAU) - 3AND) 3AQ
(£2-2i"1 )% 2t =1JH poojg uowny

(24-8-21)%J€ = 1DH ‘poojg uowny ¢ — 9
(22-82-11) IDON .60 O
u01}04QH DY) OJ)IAU| -yIU3G

i | | |
| 2 _ mmo__ NS 3G0id MO[4 Dpauaz ww O ucloIqio
Al ————— —_— s diiben £ — _

A- 35

L.~

R S



y 7 T T T

f

(
v
*UOTISSIS jejuswiiadxe ue 10J uotlean3tTjuod jewaou .
ay3 pue judsudinba uCIIEN{EAD PUE gur3sal 13dnpsued] sanssoxd jo swealdeip 3o01d 6-v "84 ]
i
,,
, {
m 1 |
VRN E
HLVH MALYA 141Vl
i oL
i
Clhiky W
poe ===
— o |
WMIILS ”
A10ZT1 dN ||M_$ﬁ|
L EIMATNOY
TNAYD 4 BRI
WYL WiLivm
“HRLI0A 0
NOADTIH
e’
Buiise) JoJ UDHIDIUSWNLSY) ebnoog emsseid ©
(a4l
SO
1
H4 LD
70 .
NO3HLAVY
I,
NAAHOIA @ T
ECAA AR ‘d_NY3IW LHY 140 <o
- - - - E 1
vesot dh = Tsvna N._IJ C1IRY TAAOW N S
1 e e = > - - RO - FRLL A
4V r&w@j L =
0Z1 1300
¥y3qyootd
Fd0dS HAVEIVN D
} A1 TN 4dAL NVRNI T w
1 y-dN :
[

(uewniedx3 uy Joj uOo O UBWNIISYY o0nDg 2inssead (03164}

- SSRGS ———— ar—




‘pojueldut 3q 03

sioonpsueal aanssaad Faaqs3Tuoy pue 29L-0T¢ JO peay 38ned ay3 pue I1es
12659A 23 UIIMI3(} IDLJIPIUL UB SEB PISN DIE SIIYSTA II3QQRL SUOITTLS

v



M ) v w - ———————
it v e

*K231u2d utaa snodAzy a0y Jutqny 3ySterls popusIxa puw

‘Pldle 101 2s1p pue Butqnl ydtrals ‘juswsoe[d Teraze 1311 103 Fuluddo axqok-4

‘dt3 Aazu2 ‘/A103ae uelABR]OQNS  : (3STMMD019 Butud 1ou12D pury-3J9] 12ddn woaj
futidels) uUMOUS ode [LPOIS UCIFPIUB]AWI Ino ul pasn sd13 e[nuupd SNOTIEA 11-y 311

E2N

A-3g

AMITIAS

- e [, - — - —




2
DIFFEE:NTIAL PRESSURE TRANSDUCER™
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CONTROL
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Main Gas Flow

Cas Sampling Line

—

Electrical Connectiogn

Fleisch Pneumotachograph-
Instrumentation Assoc., Inc.
(6V, 0.75 inch inle: diam.)
Statham 10303

0, Analyzer System-Applied
Efectrochemistry, Inc.

Fig. A«l2 Dlock diagram of open system to measure oxygen

consumption of a conscious, vibrating animal.
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TYPICAL CARDIOVASCULAR AND HEMATOLOGIC VARIARLES FOR 30TH

AWAKE AND ANESTHETIZED DOGS TAKEN FROM THE PRESENT STUDY
AND A SURVEY OF RECENT LITERATURE
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TYPICAL BLOOD GAS AND RESPIRATORY VALUES FOR BOTH AWAKE
AND ANESTHETIZED DOGS TAKEN FROM THE PRESENT STUDY AND
A SURVEY OF RECENT LITERATURE

TABLE A-lb

TYPICAL BLOOD GAS & RESPIRATONY VALUEZS POR “DOCS

Lo b

[rreT—

e, e

prameng

Pesand st pated  pamm  pessa

dum  ews mOed Lougd

we H ro0, 0, cONTDNT
SoURCt N kg -—iig Vol %
L} " 80 ] H 14 "
PRESENT STUDY
Anesth. (Art.) 3o 0.} 7.36 .06 e3.1 | 13e 43.1 ] 4.8 438
Mrake (Att ) ) o 0.1 7.43 .06 83.6 8.7 3.2 s.2 40,3
Anes. (Ven.) 3o 20.3 .0 .07 41.6 L ] 4.3 4.3 48.0
Aweke (Ven.) 3 to 20.1 7.%7 .05 | a2.8 2.1 0.5 | 3.4 46.9
Couttney & Msrotts (1972) 19 12.% 7.32 .02
+ Carrell & Milhorn (1971) b 13.9 3.
¢ Purnival et sl (1973a) S 25.0 1.5 197.0 3.5
o Futrivel et al (1973%) 19 19.0 7.38 213, 3.4
Park ot &l (1964) 20 9 .42 .01 7.7
Park ot el (1970) 6 7.39 01 | 9. walie
Perman et al (1972) dao [ 13. 7.41 .01 8l 0| 1.7
Reevee and Brown (1938) 17 7.3 | o 3.2 %16
Zoncoront et ai (1960) [ 1.32 .08 433 | 7.6 s0.0
e Shaffer st al (1971) ban 1" 7.3% 8. n.
LESPIRATORY MonTe
w un vouse | o, comsmeTion mroghce
source " [Tng “rlats Tais w1 0, /nin =l o0 fmin
n n | 1] 3D 3] n
PAZSENT BTUDY 2-73 L0 5.1
s831lte ot al /19/7) 1 4.7
frercise 3 19.3
o Barger et al (1936) 3 6.6
Enercise 3 1.2
Courtrey & Marotts (1972) 10 17.9 | 15.0 12.0
e Galvao (1%47) 59 139 3.2
GColveo (1947) n 12.4 4.3
Cold et 8l {1983) Control [} 11.0
Exercise (135 min) 4 11.0
Rscovery & .o
®s Hanlin & Smich (1947) 2.0} 15.3% 12.42.92] 2.60 38.3
Hetlbrun (1952) .7
Mood & Higgine (1963) 27 1 17.0 140 | 2.0
oo Hewll (1959) 145 4.
lIoashute & Milder (1961)
Control n.o
Exercies (a0 ®in) 1.0
o Martin & Fuhrms: (1939) 14 20.8 3.2
Martin & Puhresa s 18.3 P )
Pavl & laeshuts (1967)
Control (Untratined) 15.0 3.0
Exerclos (1540 min) 15.0 3.0
Recovery (end 1° min) 135.0
Contraol (Trained)
rercies (15 ®win - &4 hp)
Perman ot o1 (1972) [} 13.1 ] 40 3.08
Precht at a8l (19%9)
Spector (1934) 1e.0 $.20

® A1l valusu ars artertal semples from
sugks snimeis unless othervise noted.

¢ Ansathetised vith chlorsloss ursthane.

@ Ansathatined with sacdiuve pentobarbitel.

* §tandard ervor of wean
e Trom Altasn & Dittest. Respiretion & Circulation (1971)
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TARLE A-lc

TYPICAL METABOLIC AND HORMONAL VALUES FOR BOTH AWAKE
AND ANESTHETIZED DOGS TAKEN FROM THE PRESENT STUDY
AND A SURVEY OF RECENT LITERATURE

TYPICAL METABOL IC AND WDEMORAL YALLES POR “DOGH

TORAL
17-amca

CORY LCO-
mmaast

ugl

vat

Arensy ot 8l (19%)

Vousus

Aaoethetised (Yensus}
Slivaisas at o1 (i 3)

Mssthetised (Comtrel)

R 3, ( 13) Yidbration

T She, ( 1) Tibration
Bojesam & Degn (1981)
B0jeesn & Dogn (1981}
Sreades ot a1 (1970)

Veasus (Vomals)

VYonsws Omle)
Covnelitive at ol (1937)
Covaaltns ot sl (1939)
Cornelivs ot ol (1939)
Cormaliive ot o1 (1939)
Cramet ot al (199)

Pasted, Youors (Male)

Teotod, Younoune (Temsle)
Bik-mes & Drisser (1938)
Feage ot sl (IM))

Pregaant (Yaa)

Pregaent (Art)

Tatal (Mined)

Rarvey (1989)
larvood & Masen (1934)

VYououas
Bee & Rarvey (1941)

Gos & Jebawa (1%7)
Reipers ot al (1930)

Veaous (¢ sops)
Molhathe (1940)

Mangee & Maom (1938}

Aoesthetioed (Arterial)
Basw (1971) Vewous
Yam dor Yien (1981)

Told & Price (1938) snest. (Art)

18
b3 )
2
3]
23

113

[3¥]
4
12
2
11

1?
11
18

47

“ews

.03
. 140

1¢

.018

.01
17

a3

A7
.1

.03

03
-18

0.4}

-3

- —
O ®w

ELIS ]
13.0

0.3

nitlg-Uaite /el
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I |
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-

2.7

(10.0

1%.0
19.0

7.0
<40

Mo

5.0
<30

2.4

l.l}

I.O.Yl

1)

(L1

cLuoosz
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MasiL

30

Proswt Stefy
Asettboticed L]
Svedke 11

Arastreag ot s8] (1961) 3

s Cald ot 8l (1949)
Control
Reercine (ond 1% gie)
Gesovery (end 30 mis)

Tesskuts ot al (1944)
Control (fit Gog)
tmeraion lend 40 mtn.)
Control {(wmfit dog)
Busrvies (ewd 40 @in.)
Cestrel (ssrmws) dog)
Exersive (ond 30 wmin )

Tesstuts 4 Maller (1941)
Contrel 1
Bzersine 11
Sevovery 11

Milee ot ol (1971) b}

s Poul & locetmts (1940)
Contrel (wmtrelaed)
Reeteise (ond 40 min )
Recovery (ond | br.)
Oocirel (treined)
Emesaise (oud A bew )

voserd & Mesell (197))

- - v

130

10
10
n

11
n
11

.27
.10
1l

- oo
ocwee

ooco
- -

ooowo
v

wo@oo
(PRI VY
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1

sussss
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TABLE A~2

e | r

BENCH CALIBRATIONS USING VARIOUS FLOW MEDIA AKD DYE
CURVE CALIBRATION RESULTS ARE COMPARED

(2)
N

N Number nf dye curves nsed tor flow signel calibration.

% Liiferance 15 calculated using agquivelent pareneters (HCT., DATE) for both bench and dye curve CAL f{gures.

Probe Mfg . -
Ser. No. BENCH CALIBRATION DYE CURVE CALIBRATION % DIFFERENCE,
Sire ] Dye-Bench 100
(1.0.) [AL =X L/MIY %HCT | GATE  EAL =Y L/MIM 1L/MIN| Antzal N, PHCT Jc.0. L/MIN [C.0. L/MN DATE Dye *
WT. XG
Zepeda 10.7 sal. |6/5/73 .30 1.66 [pOC 18 3| ] alse 0.2%0 4/30/73 +38%
SN 924 8.8 st f2r22/73 12.85 0.25 202 2 | e 0.173 4/19/73 4317
(22 o) 8.8 421 |2720073 7.24 1.46 fP1c 515 | 2 a| s.s2 0.466 11/30/71 +211
6.5 sal. Jz/22:7}
5.7 &2% 1171773
P Y ell.5 ¥-X
% 100 =
Zepeda 10.2 a0 | 1/s/n2 16.00 0.33 pac 185 3 197y 2.3 0.131 3/1/13 +16%
SN 922 9.6 &2 2720773
(20 mm) 9.1 n, 2722:17) 14.00 1.40 POG 1119 3 43 2.60 0.106 2/8/13 +31%
8.7 Sal. | &/8/1) $.26 0.18 poc L1838 1 irg 3.8 0.226 4/26/12 -3
8.7 Sal 272173 5. 4E 1.19 poc 1407 $ | 3.50 0.183 11/2/72 -66%
8.6 4oL | 6/11/7) 8.10 0.40 F)C 1607 k) k]2 3.3 0.1%8 10/27/72 -12%
X 9. Y - Y-X
b 2 Y =8.6 vyx x 100 = <201
2epeda 9.8 421 J 11/t n2 11.60 0.70 oG 774 4 417, 3.8 0.251 5/10/73 | +16%
SN 921 8.1 LY RYARIAES
(20 am) 7.7 Sel.]6/8/73
) ie8s
Zepeds 8.7 irijz/e/ny 12 60 0.5% J0OC L1199 1l 728 BEAS ) 0.296 13/30/72 4349
SN 767 8.6 Sal.] /13
(20 wm) 8.) [Y2S RYACIAY
8.1 Ssl.]2/5:7)
X =84
In Vive- 29.2 X3 RYAL 7S 12.26 0.7¢ poc 16!'S]| 4« 4 5.9 0.230 201172 -1301
Mettic 26.2 427 po/n/n2
S5L-18 21.0 Sel § 1/8/7%
2:09 20.4 ST} 213N
{20 =m) .
X @ 24.2
2epeds 8.6 421 1 1/10/73 16.45 1.20 powe197l] & . .99 0.187 131N +18%
SN 931 8.2 Ssl.] 1/3/73
(18 wm) _ 6.8 usT | 1/18/72
X a7.9
Zepeda 8.R 2% ] 1/9/1) 8.90 0.% 822 | 4 . 2.63 J. 146 11/8/12 +20%
SN 9) 7.1 . 2/6°73 8.75 1.58  DOC 3559 4 38 4.87 0.23% INn +22%
(18 am) 6.8 16.5%] 9/25/ N1 $.al 0.37 0G18909 2 B1-28 3.50 0.19 9/11/n =317
6.7 Ssl.}l 1/4/7)
6.7 wh 1/14/72
6.7 Sel. 1:4473
X = 7.2 Y- 1k x 100 = w2
1
?eneda 93 L7, 72/ 10 80 1.%0 e, 454 ? 489 1.8 0.230 126173 +14%
SN 793 9.3 3 /22,73
(18wm) 5.3 sal.} 2/722:'13
X = 8.0
Zryeds 1.1 ar 12/8/72 2.35 0.16 MKY 4t 3 n, 1.27 0.25% 7/18/12 +53%
SN LUl 1.2 Sel.} 11-28/72 1.2¢ 0.1% KXY 48} 5 39 1.28 0.213 6/8/172 +15%
(7 am) 11 429, 1712713
X = 1.1 Ye1.8 %{ x 100 =391
Biotronex| 3.0 sc1.} 6/8/ 1) 72 .27 MY 5001 38 1.43 0.208 6/21/12 5% .
BL-5070- 7.7 38t Y 6r2i/2
B2l 1.8 497 ) /810
(7 mm)
X 42
Notes: (1) CAL = Siotronix Flowweter BL6ID voltage signal for which en equivalant flow 1e determined.

REE
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TABLE A-3

CHRONOLOGICAL HISTORY OF A KONIGSBERG P21 (SN15) IMPLANTABLE
PRESSURE TRANSDUCER CURRENTLY USED IN THE LABORATORY.
SMALL CHANGES IN SENSITIVITY ARE EVIDENT AND THE LATER TESTS

DONE ON THE GAUGE SUGGEST THERE IS MORE TEMPERATURE STABILITY

WITH LONGER GAUGE LIFE.

VERY

TEST: F. S. LINEARITY =20.4% (6-10-71)
32°C-462°C ® -.25 mulig (6-16-/1), +2 mmHg (6-10-71)per °C.
TEMP. STABILITY = W.A.W.w+13.5 mmHg (6-15-71)
(V.. = SV.) 4 hre.= lmmHg (6-10-71), O mmHg (11-10-71) at 37°C
SENSITI&?&Y = 101.1 pv/v/cuwHg at 10V Ercitation (6-10-71)
PREQUENCY RESPONSE= > 100 Hz (6-10-71) )
DOG IMPLANT TO DURATION OF TRANSDUCER SENSITIVITY % CHANGE
REMOVAL DATE |IMPLANT (DAYS) SITE A SENSITIVITY
NUMBER cullg
AI-P---->
8/7/71 -
8274 8/19/71 13 Aorta 101.1 -
10171 10/1/71 - 7 Aorta 100.7 0.4
1 10/7/71 : :
101871 10/18/71 - 22 Lt. Vent. 100.7 -
11/8/71
11/23/71 -
112371 -1,
12/10/71 18 Aorta 98.8 1.9
2/28/72 -
. Vent. .8 0
5791 3/10/72 11 Lt. Ven 98
3/17/72 -
5897 2/02/72 6 Lt. Vent. 98.8 0
4/7/72 -
99.3 +0.
L18S5 4/27/72 21 Aorta 9 5
5/24/72
.3 0
1600 2/19/72 56 Aorta 99
11/1/72 -
1416 11/19/72 19 Lt. Vent. 99.3 0
1119 1/24/73 19 Lt. Vent 101.1 +0.8
2/11/13 - '
4/3/73 - .
18 5720773 48 Lt. Vent. 99.8 -1.3
495 8/1/73 - 45 Lt. Vent. 100.6 ~0.8
9/14/73 I :

IEglz F. g. LINExRIf§

TEMP. STARILITY

=8 1
(VEX 8.35v)
SENSITIVITY
FREQUENCY kSSPONSE

<t 0.4 (3-171-73)
3e°C-a2°C = + 1.33 uwmiig/"C

W.A. W, =] mmHg

(9-28-73)

.

"N~ -\
(¥=L0=73)

3 hrs. = -0.5 rwHg at 37°C (9-28-/3)

100.6uv/v/cmHg (9-27-73) at 8.35V Excitation
>100 Hz (9-27-73)

A -4
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RAYTHEON 704 DATA ACQUISITION SYSTEM

A. 704 Description

The Raytheon 704 Computer System is a general purpose digital computer
system primarily intended as the central element for data acquisition and
control applications. Some important hardware characteristics are 16 - bit
word length, 1.0 microsecond cycle time, automatic priority interrupc, direct
input/output to control processor, direct memory access and a full line of
peripheral optiong. Only assembly language is supported. The configuration
of the U.K. system is shown in Figure B-1l.

The direct memory access feature allows peripherals to communicate directly
with core memory independently and simultaneously with any program which may be
executing. Slower speed peripherals communicate with the CPU via the DIO bus.
The 16 priority interrupts may be connected to Ravtheon periphecals or user
devices such as the 'start' and 'atap' buttons or a trigger from the ECG of the
animal under study. Several peripherals such as a time code generator controller,
experiment status switches, and a digital link to a remote computer will be
connected co the DIO bus and the priority interrupts.

B. Mean Value Program

The programs of this system are designed to give a real-time print-out of
the average values of up to five analog input channels and to store these average
on digital magnetic tape. The voltages on these channels represent slowly chang-
ing parameters such as body temperature, mean blood flow, etc. A sampling rate
of 256 readings per 10 seconds (25.6 Hz) was selected with a8 minimum print-out
interval of 10 sec. Sampling at a rate of 1 Hz would have been sufficient but we

wanted to examine the speed of the computer. The print-put interval may be set

at any integral multiple of 10 sec. but fhe data are stored on magnetic tape every
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10 sec. The printed values always represent the average taken over the period
since the previous print-out; a typical print-out appears in Fig. B-2.

The programs in this system were designed to be very interactive and almost
completely dependent upon interrupts for execution. All programs are in core at
all times and a lower priority program is interruptable without damage, by one
of higher priority. The 704 has sixteen interrupt levels which may be connected
to external devices such as the 'start' and 'stop' buttons or peripherals such as
a timer or the analog to digital converter. Whenan interrupt occurs, the com-
puter begins execution at the specific location agsigned to that level, provided
no higher priority level is in gservice.

Once the programs are loaded, INITALZ executes automatically and performs
various initilization chores, enables the 'start' button, starts the clock, and
5 tc the wait loop (WAIT). 1In this wait loop the sense switches are checked
and the type buffer is examined to see if any printout is requested. When no
other program is in execution, the computer runs in this loop continuously.

Calibration is performed by reading the voltage corresponding to at least
two (maximum four) points in the range of each input channel. Since the inputs
muat be linear (the equation y = Mx + B i8 used) the values M and B are calculated
using a least squares fit over the points which were read and then stored in the
calibration tables. The print-put will be in the appropriate physiological
units.

When the 'start' button is pressed,a program (START) starts the A/D converter
and then returns to WAIT. When the A/D converter is through with the requested
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CALC is cthe program which performs the arithmetic on the data. The volt-
ages just read are added to their summing buffers. 1If it is time to print-out
or to write on magnetic tape, these sums are divided to get the average and
multiplied by the calibration factor to give output units of beats per minute,
mnHg, etc. Then they are stored in the ‘type’ or ‘magnetic tape’ buffers. CALC
also starts a programmable timer whose period is equal to the desired sampling
period minus the program execution and A/D conversicn times. When this timer
times out an interrupt causes PIT to start the A/D converter again.

This cycle is repeated (approximately every 40 milliseconds when the sample
rate 18 25.6 Hz) until the 'stop' button is pressed. The computer then loops
in WAIT until the 'start' button 18 pressed again.

C. Dye Curve Program

Measurement of cardiac output by the dye dilution technique is one way to
calibrate chronically implanted electsomagnetic flow probes (Rothe, 1973). The
classical Stewart-Hamilion analysis requires a plot of the downslope of the dye
curve on semilog paper with subjective assessment of the exponential decay con-
stant. According to this theory, the shape of the downslope should be an expon-
ential decay until recirculation occurs. Therefore, fitting an exponential to the

downslope before recirculation and extrapolating to the baseline should give an

accurate indication of dye disappearance with time. The area under the first part

of the curve 1s added to the area under the extrapolated exponential with the sum
being inversely proportional to cardiac output.

Application of this same method with a digital computer is a relatively
straightforward matter. The signals from the densitometer (Waters Model XP300
with Cuvette Model XC-302) after passing through analog signal conditioners illus-

trated in Fig. B-3 are sampled by the A/D converter at 10 Hz (Stenson, Crouse,
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Harrison, 1972). The computer must have ar leas one calibration where a quantity
of blood with a known dye concentration is passed through the densitometer cuvette
while the voltage is recorded. For the monkeys and dogs under study, concentrations
of 2.5, 5.0, and 7.5 mg dye/liter blood are normally used. The calibration signals
are monitored on an oscilloscope by an operator who presses 'start' and 'stop'
(interrupt level) buttons to allow the computer to read only the flat portion
of the curve. Each calibration signal is read for a period of 5 to 15 seconds.
Due to some drift arising from the densitometer system, operator control is
necessary. Following the calibration levels, a second pure blood zero is read
which allows the operator to determine the magnitude of the shift, if any, in
the blood zero baseline and gives a more meaningful calibration factor when
averages are computed.

The dye curve is tead, as above, under operator control at a rate of
10 Hz and recorded point by point in an array (300 point maximum). When the
'stop' buttcn is pressed, the computer locates the peak point of the curve,
and then by a process of iteration the blood zero baseline prior to the injection
of dye is calculated. This value is subtracted from each point in the curve
to eliminate the offset.

The area under the dye curve is then calculated. Starting after the peak
at a magnitude of 0.9 peak voltage, the curve is examined in 3 second overlapping
segments (30 points each). Each segment is fitted to a true exponential by the
least squares method and variance and exponential decay constant (1) are calculated
and recorded. After each segment has been examined, the constant 7 which had the
smallest variance is selected and an exponential d=cay curve is extrapolated from

that point down to the baseline (zero). The area under the first part of the curve
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is calculated using Simpson's Rule and added to the exponential area.

output is then calculated with the fcllowing equations:

mg dye/liter blood
volts

CAL =

amount of dye injected
area under curve x CAL

C.0. =

C.0. = S = liter/minute

volts x minutes x mg/liter

volts

Y A

The cardiac

The cardiac output is printed out along with several intermediate results -

see sample oatput in Fig. B-4. The operator may now choose to read another dye

curve using the same calibration, read another calibration, or exit to the system

monitor.
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CVe ID # DATE

XXk XXXKxxXY /XX /XX

01 1607 11 02 72

SPAN= 185 FREQ= 10 CAL= | .8851

; BASE= +2163 PEAK= 4.1085 AT 1= 96 =
| TAU  VARIANCE I TG 1 o
i -.0268 .0034 106 136
! -.0282 0024 111 14}
-.0284 0022 116 146
-.0281 .0026 121 151 -
| -.0273  .0026 126 156
i -.0271 .0025 131 . 14l
’ -.0267 .0026 136 166
3 -.0252 0041 141 171
% -.0219 0065 146 176 r
( -.0167 .0088 151 18]
- SIM A= 14.182 UxSEC 1= 60 TO 116
: EXP A= 10.325 U*SEC V= 2.934 .
| CARDIAC OUTPUT = 3.25 LITERS/MINUTE

CUs iD #  DATE
2 1607 11 2 72
SPAN= 160 FREQ@= 10 CAL= 1,.88S] |

BASE= 3166 PEAK= 4.9671 AT 1= 86 : 1
TAU VARIANCE § TO 1!

i -.0339 0033 85 125 3
. -.0354 .0019 100 130 R
‘ -+0355 .0018 105 135 o)
i -.0345 .0029 110 140 g
-.0325 0042 115 145 :
i -.0296 .0052 120 150 S
. -.0252 0069 125 155 ‘
H -.0191 0096 130 160 ,

SIM A= 15.214 VUxSEC I= 41 TO 10S
EXP A= 9.517 VaSEC "" 3.362
CARDIAC OUTPHT = 3,22 LITERS/MINUTE

[T S Y

Fig. B~4 Representative priutout of on~-line dye curve program . 1
iliustrating output of twc dye cures done on Dog o
1607. Intermediate values other than cerdiac output : 1
reflect computer calculations of baseline, pesk, and ;
slope of curve along with Simpgon and exporential areas. 8-1
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PREFACE

1.1 The purpose of this document is to present an overview of the data acquisi-
tion and analysis requirements for the Vibration Facility at the Wenner-Gren Labo-
ratory . The equipment av-ilable is a combination of analog signal conditioners
and digital data processors including a dedicated Raytheon 704 digital computer

(Appendix B), supplemented by a remote data processing syatem.

1.2 The data processing protccol presented here 1s designed to fulfill the re-~
quirements of measurement of the physiological responses to vibration (AFOSR
Contract No. F44620-69-C-0127), and to Externally Applied Synchronous Erergy

for Cardiac Support (EASE, NIH Contract No. WOl-H6-3-2928.).

1.3 These specifications are intended to provide the base for initiating the
design and implementation of processing programs which will serve to satisfy the
data storage, on-line (real-time), and off-line proceesing requirements and will

use existing equipment at the Wenner-Gren Research Laboratory Vibration Facility.

1.4 This document does not imply any commitment on the part of the investigators

to implement any or all of the specificatias outlined.
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INTRODUCTION

2.1 Evaluation of Physiological Stress

Determination of the effects of stress imposed on an organism may be accom-
plished by measuring a number of physiological variables. Heart rate, blood
pressures and flows, respiration rate, oxygen consumption, and body temperature
are examples of appropriate physioclogical measurements. Evaluating relative
changes in thes2 variables caused by a given stress requires correlation with
characteristics of the imposed function. For the particular stress of vibra-
tion with which the current studies are concerned, such parameters are table
displacement, and internal organ acceleration.

2.1.1 Dogs and monkeys chronically implanted with flow and pressure trans-
ducers are used routinely as experimental aubjects in vibration stress studies
at the Wenner-Gren Research Laboratory. The animal is strapped to a table and
accelerated (Section 3.1) in either the vertical (vibration-stress case) or
horizontal (vibration-stress and EASE) direction. The table is actuated exter-
nally, and moves in a sinusoidal pattern at various frequencies and levels of
acceleration, Calibration of all physiological transducers 18 accomplished im-
mediately prior to a run. After a control period of stable values, the experi-
mental series of appropriate design is conducted. A recovery period follows.
In all case, both hard copy records on chart-paper and a multi-channel analog
tape recording are produced continuously during the experimental period. Digi-
tal data processing based on the Raytheon 704 Computer is used to supplement the
analog data acquisition facilities with real-time (on-line) reports, and to pro-
duce an edited and condensed record of experimental variables on digital magnetic
tape for permanent storage and off-line analysis. All acquisition equipment re-
cords a digital time code in HH:MM:SS format for later comparison and synchroni-
zation of data. The typical experimental arrangement is shown in Fig. 2.1,

2.1.2 The Digital Data Acquisition System (DAS), described elsewhere In this

report, requires a remote operator control panel with lights, switches and a tele-

A,
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type to control the DAS, as well as a bank of appropriate indicator lights which

inform the operator of the DAS measurement conditions. A data coordinator is

also present curing an experiment to inspect measurements as they are acquired.

2.2 Definition of Measurcment Interval
The experimental protocol is based on a four-component measurment interval
which may be repeated a maximum of 50 times and will not exceed 6 hours. The
grocedure 1s outlined in Fig. 2.2. and shows the three couwponents:
A. Control period, of duration t. seconds. - Defined as the period of no
time-varying acceleration preceding a test perioﬁ.
B. Test perjod, of duration tt seconds. - Defined as a period where the
animal is submitted to steady whole-body acceleration.
C. Recovery period, of duration tr seconds. - Begins upon termination
of the test period and ends with an operator command; no time-varying
acceleration during this period.
D. Pause period, of duration tp seconds. Data are not recorded on digi-
tal magnetic tape during this period, but listing on the teletype continues.
2,2.1 Duration of Test: The total measurement perind within a given experi-
ment for a certain frequency and waveform will be defined as t

total = ‘e

tp seconds. The maximum total duration of a single test interval (t ) will

total
not exceed 390 minutes in any circumstance; the minimum duration of a single test
interval will not be less than 150 seconds.

2.2.2 The range of the control (tc), test (tt)’ recovery (tr) and pause (tp)

periods is specified as follows:

IDENTIFICATION MINIMUM DURATION MAXIMUM DURATION
(seconds) (seconds) (minutes)
t 60 900 15
c
tt 30 21,600 360
£, 60 900 15
tp 10 21,600 360
Coe
5,

t +t_+t_ +
t T

fl
4
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The digital deta acquisition facility will halt measurements during the off-line
period (as delired in the System Operation Section, paragraph 7.1).

2.2.3 Because the measurement interval and its components may vary over a
wide range, a procedure for period identification 1s necessary. The procedure
must be flexible and applicable at the time data are acquired. The onset of the
Recovery Period (tr) will be identified by data acquisition system (DAS) detec-
tion of the shake-table oscillator output. The other periods will be identified

by signals from the operator control panel teletype (Section 7.0).
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DATA ACQUISITION CHARACTERISTICS

3.1 Vibration

Both Horizontal and Vertical Shake Tables are in use at the Wenner-Gren Lab-
oratory. During any test using animals with chronically implanted flow, pressure,
and other transducers, several parameterg are measured by the Raytheon 704 Data
Acquisition Procesaing System (DAS). The horizontal shake table is designed for
use with the Externally Applied Synchronous Energy (EASE) experiments. The verti-
cal table is reserved for use in measurement of animal response to whole-body
vibration, especially with regard to physiological stress measurements.

3.1.1 The tables themselves are actuated hydraulically on cue from external
control equipment. The displacement of the table is determined by a voltage
furction generator. The signals supplied to the table are specified to be pure
z:ae waves with frequencies between 2 and 30 Hz, The frequency of the sine wave
will be entered by the operator and is sampled by the DAS, with the direction and
zero-crossings of the shake table oscillatory output noted for use in calculating
phasic relatioaships. A period of lost data not exceeding 2.5 seconds at the start
of a test period is available for frequency analysis.

3.1.2 A digital time code is acquired by the DAS and 1s placed on the digital
magnetic tape for subsequent ldentification of tesi periods. The time code is re-
corded in BCD format as HH:MM:SS. Hardcopy records of the time-of-day and various
average parameters are emitted periodically.

3.1.3 Calibration of all flow and pressure transducers 1s accomplished ilime-
diately prior to and following the experimental procedure. Perlodic rechecks may
be reyiested during the experiment. These calibration results are input to the
DAS both prior to and during an experiment, The DAS calculates calibration factors

from the input data and uses the factors for calculations of the physiological

variables.
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3.2 Signal Processing

3.2,1 All physiological signals are conditioned by various analog circuits
before presentation to the DAS. Insofar as possible, rzadom noise, drifting
baselines, interference from external electrical equipment and intermodulation
distortion are maintained at the lowest possible values. However, flawless data
acquisition i3 not possible, and a certain amount of error detection by the DAS
is required. Channels which present illegal data, such as zero, constant or
out-of-range values should be omitted from calculations, after emitting an error
code and channel identification to ‘tne operator.

3.2.2 The physiological and vibration parameters of interest measured by the
DAS may be classified as follows:

1. Physiological

A, Cardiovascular
1. Pressure, Left Ventricular
2. Pressure, Aortic
3., Pressure, Arterial
4, Flow, Aortic
5. Flow, Coronary
6. Heart Rate

E. Other
1. Respiration Rate
2. Oxygen Consumption
3. Body Temperature

II. Vibration

A. Acceleration

1. Table

2., Body Organs

-9
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B. Other
1. Tavle Displacement

2. Net Force

I11. Time Relationships (between groups 1 and II).

3.2.3 Based on their data acquisitionr requirements, the parameters of interest
can be grouped into three categories; (1) within-beat processing, (2) 10-second
averages, and (3) time-related variables. Along with these groups, a 24-bit time

code (HR:MIN:SEC) in BCD format, and periodic experimental comments in ASCII are

entered cn the digital tape.

3,2.4 The following analog signals are sampled during the experimental proce-

dure (not all signals are sampled continuously during the measurement interval):

VARIABLE CODE SAMPLING RATE NO. OF SAMPLES
(msec) per sec.

Left Ventricular Press. LvP 2 500
Aortic Pressure AP 5 200
Arterial Pressure ARP 5 200
Aortic Flow AF 2 500
0, Consumption 02 100 10
Acceleration

(Internal Organs) ACCIL 5 200
Net Force NF 5 200
Displacement of Table TD 5 200
Mean Coronary Flow CFM 500 2
Mean Heart Rate HRM 500 2
Mean Aortic Pressure APM 500 2
Mean Arterial Pressure ARPM 500 2
Body Temperature T 1000 1
Table Acceleration ACCT 5 200 :
for posagible later addition:
Venous Presgsure Ve 5 200
Venous Flow VF 5 200 ,
Left Ventricular K

Dimension LVD 5 200
Respiration Rate RR 10 100
Peripheral Arterial

Flow PF S 200
3-axls acceleration (Internal Organ ACCIl, ACCIZ, ACCI3)

¢- 10
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3.3 Analog-to-Digital Conversion

The Raytheon 704 DAS incorporates a 24-Channel '"Milliverter" (Model MADC 10-06)
analog-to-digital converter. This device contains a 24 single-ended input multi-
plexer with sample-and-hold amplifier, Full-range input analog signals are converted
to 9 bits plus sign at a 50 kHz rate. Conversion time is 9.8 usec, aperture time
is 100 nsec, and approximate through-put rate (single-channel) is 50 kHz (max).

3.3.1 1In order to maximize the precision in all measurements, the range of
signals measured by the Analog-to-Digital converter (ADC) in the Raytheon 704 Sys-
tem 1s extended to full 9 bit significance. 1In other words, the voltage range of
these signals is extended to *10.0 volts. A full significance reading by the ADC
is expected to include 1 part in 512 accuracy, plus the sign of the input signal.
This is equivalent to 1.95 mv in 10 v. For a blood pressure calibration of 100 mmHg/10
V, 1 mmHg = 100 mv, and resolution would be on the order of *0.2 mmHg. For . flow
calibration of 10 L/min/10 V, resolution would approximate +20 ml/min.

3.3.2 During Pause pericds, any A/D channel may be selected for output on a
D/A channel to a monitor CRT for direct visual comparison in order to verify satis-

factory A/D operation.




! DATA ANALYSIS REQUIREMENTS
: 4.1 Within-Beat Signal Processing =
; A beat-by-beat analysis of several parameters 1s required. These para-
' meters are illustrated in Figs. 4.1.1, 4.1.2, 4.1.3 and include:
¢ VARIABLE CODE
% Left Ventricular Pressure LvP
: Aortic Pressure AP
?_ Arterial Pressure ARP
Aortic Flow AF

o ———"

Upon receiving an external trigger signal, the within-beat interval will be
identified and the DAS will begin searching for valid data. The maximum sam-

pling rate shown in section 3.2.4 will continue until completion of the beat )

pu e

is identified by the DAS, at which time sampling will cease until the next trig-

ger is received. The data will then be condensed into ten second intervals. For

pum o

those variables designated as maximum and minimum values, single points (maximum
and minimum) for that ten second interval are to be identified and stored on tape,

For each within-beat parameter (l.e., peak aortic flow (QS),peak d(LVP), peak ' 1
dt

St ‘”

d (AF) , etc.) which 1s not averaged before input to the DAS, values for all beats
dt
‘ within the ten-second interval are averaged and tiiis mean value is gtored on mag-

netic tape.

4.2 Processing of Averaged or Slowly-Changing Values

Preprocessed averages of several parameters are acquired. The varlables are

to be sampled as indicated and averaged over intervals of some multiple of 10 sec.

uvally or as averaged 10 second blocks in integer multiples up to 30, But always

data recorded on digital magnetic tape will be in 10 sec. hlocks.

) ! An option is to be available for reporting these 10 sec. avuragee either individ-
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Parameters measured:

P
dmax, Pdmin
Smax, amin
AN
ma
X APmin

hortic Pressure (AP) and Arterjal Pressure (ArP).

Qsmin
Baseline C

Figure 4.1.3

Parameters measured:

U max 4(Ar)
dt Nax

d(AF) svndn

de min

C(AF)
dt

Q
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amean I
mean

Avrtic Flow (AF)
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The averaged parameters include:

VARIABLE CODE h
Mean Heart Rate HPM

Temperature T

Oxygen Consumption 02

Mean Aortic Pressure APM

Mean Coronary Flow CFM

Mean Arterial Pressure ARPM

' 4.3 Time Relationship of Analog Signals
An analysis of the time relationship between the physiological variables

(AP, LVP, AF) and the shake table variables (displacement, organ acceleration,

b

table acrceleration, transmitted force) will be required. The terw QT will be

oo it - 4

used to define the relationship of the vibration table to the cardiac cycle.
} Specifically, QT is defined as the time from the null position of the table

to some event of interest., An example is illustrated in Fig. 4.3.1. For ex-
ir ample, ¢TAF defines the elapsed time from the passage cf the table through

zero to the initiation of aortic flow for the next heart bear. i

s

4,4 Phasic Veriables

Parameters of che vibration table and acceleration of internal body organs :an

et
L]

resulting from the vibration inputare required. These¢ parameters include:

i ' VARIABLE CODE

Table Acceleration Gt )
l Organ Acceleration GI

Net Force Fy

Table Displacement W

Examples of theue parameters are shown in Figs. 4.4.1, 4.4.2, 4.4.3, and 4.64.4,

.
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4.5 Other Parametera of Interest

As time permits, the following variables should be measured by the DAS,

and recorded on digital magnetic tape.

i A Ei}

Digital processing of these data is

of low priority and should be accomplished only if no interference with the

aforementioned measurements can occur,

VARIABLES

Venous Pressure

Venous Flow

Left Ventriculer Dimension
Regpiration Rate
Peripheral Arterial Flow

4,6 Calibration

CODE
VP
VF
LVD
RR

PF

A calibration table will be constructed by reading standard aignals from each

channel under operator control at the beginning of the experiment.

All channels

will be linear, so two values will be required for each charnel, {i.e. y = mx + b;

m and b will be calculated by the calibration program and stored in & table.

Ic

should be possible to re-calculate the calibration for a channel during the experi-

ment (during a pause or 'stop' period) and change the calioration table.
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DATA STORAGE REQUIREMENTS

5.1 Magnetic Tape Storcge

Data acquired during an experimental procedurve are storad on both analog
tape and digital tape. All raw data are stored in unmodified form on analog
tape along with an IRIG-standard time-code superimposed on a 1 kHz carrier,
This time code may be converted into HH:MM:SS format by the time code reader,
permitting the off-line retrieval of raw data a: a later time.

5.1.1 Data stored on digital magnetic ta;- will have undergone sampling
and considerable data compression. An identificsiton tec-~d incorporating the

following is required at the beginning and end of eve.  .Lest tape on each animal:

1. Animal nunmbter
2. Date: MM/DD/YY
3. Comments
The header for each data block will include:
1. ime of Day; HH:MM:SS
2. Vibration Frequency, (Hz)
3. G-Level
4. Period: Control, test, or recovery.
Results from no more than one experimental animal are to be stored on a single

digital magnetic tape. Data retrieval at a later time may be accomplished by

cn wqr .
- . -

entering the start and end time in HH:MM:SS whereupon the entire contents of
the tape between the two times are dumped on the teletype.

5.1.2 As required by the epecific data presentation demands explained in
Sectionr 6.0 of this report, CRT display of the physiological data may be accom-
plished off{-line, i.e. during pause and atop periods.

5.1.3 All digital magnetic tape files for a specific experiment are to be
kept on separate tepes, one animal per tape. Storage is accomplished in IBM-

compatable, § Lrack 800 bpi formar with NG header or trailer labels. The end

'-19




i of a data run is delinated by 3 file marks on the tape. 0dd parity and binary
format for numbers are required. Integer values for physiological data are used
wherever practical.

5.2 Intermediate Disk Storage

Buffer area on the fixed-head disk is required for on-line analysis and
i data presentation. This area should be of sufficient size to allow graphic pre-
sentation of all the variables listed in Section 6. These displays may be re-
i quested by the system operator during pause or stop periods, for a 'display up-
date' or at the end of the run for a '"summary display'. The formats for these

display patterns are explained in section 6 of this report.
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DATA AND RESULTS PRESENTATION

6.1 Teletype Formats

In the data acquisition protocol described here, two teletypes (KSR33)
are required, 1.e., teletype f/1 for a chronolog of averaged physiological
data, and teletype #2 for entering operator comment statements regarding
the progress of the experiment. Teletype #1 output is required for an on-line
record of integer multiples of 10 second average values of the physiological
parameters. This record 1s used to assess the present state of the experiment
and to review data from the beginning of the experiment. The format for print-
ing these data is presented in Fig. 6.1.1, Teletype #2 1is used to type and pre-
view comments before they are entered on the magxuetic tape and printed output
of teletype #1.

6.2 CRT Graphic Display Output

A Tektronix 611 storage and display oscilloscope is available for use by
the DAS. The CRT display may be requested in three possible formats. Para-
meters of interest may be plotted against (l) table frequency, (2) test inter-
val, or (3) time relat-ionship, QT. An example of each with the parameters of
interest is shown in Fig., 6.2.1. At any one time up tc four dependent variables
may be plotted against the same independent variable. A typical display 1is illus- .

v

trated in Fig. 6.2.2. An "update" display is defined as a graphic plot which can Q
be viewed as the data points are added at the completion of each test period. i
A "summary display" 1is defined as a plot with all data points for the experiment

shown, and is avallable only in off-line mode at the end of a complete experiment.

s
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Figure 6.2.1 Graphic Display Examples.
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Figure 6.2.2

Example of 611 Update and/or Summary Display
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OP_RATION OF THE SYSTEM

' 7.0 The data acquisition system will require a control coasole for interfacing

—

b

._ _ m M‘ i bl m -~

between 1) Data Coordinator and 2) System Operator during the experiment.
The System flperator 1s seated at the main console and is responsitle for con-
trolling and editing data sent to the DAS. This je accomplished by input from
Teletype No. 2 (TTY2). The Coordinator also us:s TTY2 for calibration inputs
(/CAL), comments (/MSG), and judges the qualjfcy of data and results by
viewing analog signals. Both the System Op:rator and Coordinator must
communicate in order to define the various measurzment periods. A layout

of the control console is presented in Fig. 7.0.1. It has thre2e major di-
visions, (1) control of data acquisition, (2} hardcopy 10 sec. (or an in-
teger muitiple of sec.) averages of data on teletype No. 1 znd hardcopy ana-
log signals of physiological data, and (3) CRT graphic displays for data in-
spection. The layout of the Control Inlicator light panel in the control
conscole is shown in Fig. 7.0.2,

7.1 Operational Procedure

A. The System Operator turns on the Control indicator light panel by
pressing the 'ON' panel button. He i#lso enters through 7TY2 the information
for the identiiication record descrised in section 5.1.1.

B. The Coordinator inspects tle incoming analog data. When these are
acceptable, he announces readiness to begin the experiment.

C. The Systcy Operator then enters (ON TTY2) the appropriate frequency
(/FRQ) and G-level, 'Begin Control Period” (/CON), which initiates data acquisi-
tion for transfer to digital magnetic tape and TTY1l output. This action also
initiates a timer to time the control period. (See Table 7.1.1 for TTY commands).

D. After consultation with the Coordinator, the control period is terminated
by enterinpy "End Period" (/END) and "Begin Test Period" (/TST) code on the TTY2,
This resets the timer to zero, cues the shake table operator to begin vibration, and

stops transfer of dara to itihe Jigital magnetic tape. After steady state values

{C-25
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TABLE 7.1.1

4
>
TELETYPE COMMANDS
g /CXL Cancel Present Data Period
i
JCAL Calibrate Analog Channels
} j /CON Begin Control Period
{ ; /END End Period
{ J/RCV Begin Recovery Period
L ! /RST Begin Test Period
A /EQOT Write End of File on lap=
f i /BYE Terminate Experimental Procedure
1 /HSG Next Line Entered Should go to Comments
i Part of MAG Tape Record
i ! /FRQ Enter Vibration Frequency
P ) /GLY Enter G-Level
| * Rubout ey cancels command just entered
' * Carriage Rewurn and Line Feed Initiates Command.
Jo
)
k.
b3
L!
.
:
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of vibration have bezen reached, the Shake Tahle Operator presses his Table
Ready button. This turns on the Table Ready light on the Control Console and
again resets the timer to zers and data transfer to the digital magnetic tape
is resumed.

E. The Vibration Test period is terminated by typ’ig (/END) and "Begin
Recovery Period" (/RCV) by the System Operator. The (/RCV) signal 1) cues the
Shake Table Operator to stop vibratinn; 2)resets the timer; and 3)automatically
initiates the recovery sequence. Secuence (3) consists of a DAS search for
zero output from the oscillator driving table. When the output reaches zero,
the DAS ~esets the panel timer and activates the "Recovery' panel light.

F. Recovery period can be terminated by typing (/END). This stops trans-
fer of data to digical magnetic tape (TTIY 1 output continues). CRT 611 1is now
accessible for update. Any other optiorn is available after this button is acti-
vated. For example, (/BYE) inactivates all digital data acquisition, with CRT
611 remaining accessible for update. Or, enter £ (/FRQ), G (/CLV), and (/CON)
to repeat above sequence.

G. Typing {(/T&L) indicates to the DAS a calibration operation i{s to be
performed. The operation will be carried out by interantion with TTv2.

H. A '"Cancel Present Data Kecord Period" (/CXL) will alsco be available,
This label indicates the data from the preceding period 1is invalid and is not
to be used ir the standard data reduction routine. For any other corrections,
tne TTY2 comments will be used. The (/CXL) command also enables restart of
the previous period.

I. The Coordinator may enter comments via T1Y2 at any time during the
experimental periced.

7.2 Displays

Tie System Operator may chocse the desired plots of data defined in Section

6.2. The 611 display is initiated by (1) pressing "PLOT", (2) pressing up to

four variables for Y and one for X, and (3) depressiag "ENTER".

———— e
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A Model to Predict the Mechenical

Impedance of the Sitting Primate During

Sinusoidal Vibration

R. G. EDWARDS

High-speed vehic'les frequently transmit dy-
namic forces to thelr occupants. Depending upon
the intensity and “uration of such disturvances,
serious impairmer.c of operator or passenger funte
tioning may ocrcur. This problem has led tn ex-
tensive reser,ch directed toward defining and
understanding the dynamic response of the huran
body. Levoratory testing of man &% 1.4 accelera~
tion ampliitudes has demonstrated that whole body
vibraticn in the 2- to J0-Hz frequency reglon
producas tre most pronounced mechanical effects
for uny given acceleratior. amplitude. Ziegen-
ruecker and Magid (1)1 reported the intensity
tolerance of sitsing man to vertical vibration
to be lowest in the 4- to BeHz frequency range.
Coermann (2) recorded the force transmitted to
both sitting and stending man and found a whole
body pPrimary resonaut frequency of 4 to 6 Hz.

He also demonstrated 8 remarkably zood approxima=-
tion to this experimental data by use of & simple
linear springemass-damper model of ths humin
body. Other investigators (3-8) .ave confirmed
these results and contributsd add’ "ional informa-
tion to halp define man's vibration resoonse.
Altrough high acceleration intens!tles ara at
timas encountered in vehicles and machlnery, man
cannot, for safety reasons, serve &1 & laboratory
subject in nigh intensity vibration tests. 1In
such coses, animals have typiciliy baen uscd as
human surrogatea (9-12).

Analytical models to predict the dynamic
response Of man and animals have proven useful in
many instances (2 and 7). This paper describes
sucn & model to accurately prediot the impedance
response for the sitting Rhesus monkey when vi-
brated vertiocally (1.e., + g,).

ANALYSIS

Por the system shown in Pig. 1, whole body
mechanice’ velocity impedance (hereafter termed

1 ynderiined numbers in parentheses aesignmie
References at end of parper.

J. F. LAFFERTY

simply "impedance”) 1s defined as the complex
ratio of the interface (transmitted) force to
the velocity a% the point of force transmission
(the vibration sxciter velocity in the case of
whole boAy impedance).

whero

Ny
1

complex impedance
amplitude of the “ransmitted force
V = vibration exciter velocity amplitude

¢ = phase angle relationship of the transmitted
force relative to the vibration exciter
velocity.

]
[ ]

Coermann (2) has shown that for a system
consisting of one mass (m) atop & linear spring
{of spring constant, or coefficiont of elasticity,
k) and linear damper (of damping constant, or
coefficient of damping, ¢) in parallel, the fol-
lowing equations define tho impedance:

, 1/2
[
2 —_— Ll -
B I IV 7R 30 Zk-ﬂﬂ (3)

2 v2 2
N .““.IE +va)- km]
(2)

where w = 2nf and £ is the vibration frequency.
Ke illustrated that the impedance of 8itting and
stinding subjects could be approximated by that
of tne model defined by (1) and (2) with appropri-
ate values of whole body damping and elastic
coafficients. 1t should be noted that *his model
agsumes linearity of cc I'f cients, and thus the
impsdance i» independer: ¢f vihration exociter dis-
placement (2ni the,afore acosleration amplitudel.
The model xs shown in Plg. 2 evolved from
Liic Sroderzon-VYon Oterke (9) model (Fig. 1) and
trom zxporimental obssrvetions of a number of

— - -

-— ..
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Pig. 1 Devslopment o a single-degrae-of-frasdom
model for impedance response of the restrained
primate. PFrom Broderson and Von Olerke (9)

vibration tests with Rnhosus monkeys. The imped.
ance modulus and phase angle equations for this
model can be shown to be {12):

. 1/2
: [:l . r)z[k’ . eza‘) . r-z (Temy(1 ¢ 2) - -.z;!r]
N L LR [..212 +cl. )} 3
R 2 .
¢ ot |OADC u2+k)¢l,;f[l.n:2 kel

amg v

where r m my/m,. the ratio of "4nert" to "sprung"
mase.

The development of equations (3) and (U4)
require that k and ¢ be indepcndent of amplituds,
but parmit a nonlinear frequency depandence. A
nounlinear variation of kK and ¢ with frequency
would imply that system strain is sersitive to
the rate of ioading. While such & response is
not uncommon for blological materialc, a frequency
dapendence of k and o may depend, in part, on
the nature of the model itself.

The furction, r, is expected to vary with
both frequency and acoceleration amplitude. Body
subsystems may well be amplitude restricted rela-
t.ve to whole-budy moticn, 3.6., the Qlsplace-
ment of some subsystams are limited by the pres-
ence of other body components. Subsystems which
reach thelir relative displacemsnt 1limits will
tend to in.remse “he inert mass response of the
total syrtem as ~:¢eleration amplitude is furthar
incregased; however, amplitudes Jn excess or 1.C
g may wcll result in a more complicated amplitude
dependence o 1. At constant acceleration ampli-
tude, while-body resyonse is typlcally character-
1zed (2-8) as having a relatively large lrert
mass compounent At low frequsncies, while 8n in-
creased damping respniss et higher freyguercies
tndicatae a ral~tiva darveese Iin the inert mass
component. Tne ratlc, r, might then be exnected
to increzse ~ith ln.reuni acceleration ampli-

™,
, J
I J+ X=X, SIN(WT)

W/W=0.1344+0843F : 2CFCS  C/W = =0.04540.024F
254 +0.062F : SCFCI0 D 16-0.004F
=015 +0.431 F ; 10CFQI0 : 0.0433 40,001 25F

Pig, 2 A two-mass, single-degree-of-freedom
model for impadance response of the sitting, re-
strained primate

tude and decreasing frequency.

By requiring that k and ¢ be independent
of amplitude, the amplitude dependence of r ~an
be determined from impedance data obtailned for
various amplitudes at constant frequency. Suc-
cessive iterations at each frequency resulted
in an expression for r in the form

r.j—‘; (s)
where A is the acceleration amplitude expressed
in units of g.

Equations (3), (4), and (5) define the vi-
tration response of the two-mass model. The ux-
periments and results discusse: Iin the following
sectlions (a) establish the evxperimentsl impedance
response of the Rhesus monkey vibrated from 2
to 3O Hz at 0.5 and 1.0 g acceleration amplitudes,
(L) establish, based upon the .indel just preaented,
whole-body elastic and damping coefficlents as a
function of frequency, and (¢) compare the re-
sponsa of tne model to that experimentally Tea-
sure.

¥ETHODS

The We:ner-Gren Research Ladboratory's
vertical elecirchydraulic vibration exciter (13,
14) was utilized in this study. A forca cell
arrangement (12, 14} allowed direct recording of
the force trensmitted between vioration exciter
and subject. Vibration exciler displacemant and
veloclty were recorded from the output of recti-
linear potentiometers attached to the exciter.
By supplying vibration exciter velocity and net

tranamittea force t¢ a phase angle meter, an analog

eignul was produced which was proportional to

-3
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Pig. 3 Primate positi~ned atop vertical vibration

exciter

Table 1 Summary of Animals Tested and
Vibration ‘arameters

Ao ik bl

AN IMAL ACCELYRATION WUMBER OF IXPOSUMES
(vL1cHT) AMPLITUDE {Random Orgar) to:
2,0, 4, 9,6, 7, 8,9,
10, ¥4, 12, 16, 18, 20,
pL 1Y
A2y 1boy 0.9y )
8 (26 1v.) 0.3 ¢ 3
€ (10.% tb.) 0.3 3 s
D l11.3 1b.) 0.3 )
lﬁ
¢ (10.% b} 1.0 ¢ H
o (11.9 lv.) 1.0¢g 3

the phese difference of the two input signais.
Mechanica)l velocity impedance was thus obtained
by continuously recording (a) net transmitted
fovce, (b} vibration excitar velocity, and (¢)
tne phase relationsnip between equations (1) and
(2). Fig. ) 1is 8 photograph of the experimental

setup.
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Impedance vy Vibrotion Frequency
Accel Amp. 085G

40 -
/Subhch ABB
<
iR Xl of ) -
- T
£
>0 .
s Subjects CAO
° ///
o
x

L
- Subjects AGD .
0T é ]
E 41 of .
: 0 LS ‘LA
-g 75 - & -{
: Subjscts CAD
s s} e ;
2
8 28t [
P} ad 11 i
o] ) () k] 20 2% 30

Fraquency (Nz)

Pig. 4 Clomplex impedance versus frequency for
0.5-g vibration of primates A, B, C, and D

The prirates wers exposed to a series of
frequencies (ses Tarie 1), esch at the same ac-
celeration amplitude. Pour animals were so tested
five times each at an acceleration amplitude of
0.5 g. The ctwo smaller animals (C and D) were
then each tested rfive times at an acceleration
amplitude of 1,0 g. An exposure duration of 30
sec at each condition was specified on the basis
of previous tests which estabiished }0 sec to be
suffieient to obtain reliable resuits. Bxtended
exposures also introduce temporal effects. Tests
on eny giver. animal were separated by at least
one day.

The monkeys required nv sedation or other
medication for these experiments since they were
woll adapted to the experimental environment.

In addition to daily handling, the subjects were
previously submitted to repeated exposures of
extendud duration at all frequencles including

6-hr exposures at resonance. When placed in the
impedance chair the animals were securel_ restrain-
ed by a lap belt and by belts around esat' ankle.
Tne subjact was restrained from bending ty a

igid, meiul neon pi85s whith phyeiculdl ¢ :nntacted
the animal only 1f he attempted to oend out of

the upright position.
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Flg. 5 Impedance phase angle and normalized modu-
lus versus frequency for 0.,5-g vibration of prie-
mates A, B, C, and D

RESULTS

The complex impedsnce for the 0.5 g experi-
ments s presented in Flg. 4 as a function of vi-
bration frequsncy. The datu from Subjects A (25
ib), ana B (26 1b), are grouped together, as are
those rrom Subjacts C (0.5 1h), and D (11.5 1b),
since the animals in each group 4iffered in
waight by only 1 1lb; thus, two curves are shown
for both impedance modulus and phase angle.
Since sach animal was tested five times at 0.5 g,
each curve in this figure represents the mean of
10 tests. The limits shown correspond to the mean
valus plus or minus one standard deviation. The
two straight lines cesignated as "mu' in the modu-
lus graph correspond to thes impedance magnitude
of an "inert” mass of weight squal to that of the
average for the subjects. A peak impedance oc-
curs 8t 7 to 8 Hz for eact group. At lesser fre-
quencies the impedance modull follow closely
those of an inert mass of like weight. At fre-
quencies itmeliately greater than thos; of the
moduli peaks the impedance mognltudes Jecrease.
From 12 to 30 Hz the moduli remain abcut constant.
The phass angle curves ars approximatily 90 deg
(the impedarce phase angie of an inert mess) at
2 Hz, and then decrease rapidly in this "impadance
modull peak” region. Beyond about 1) Hz the
curves are in the 10- to 20-deg ranse. Thip
¢ould 1indicate & predominant damping; response
since the impedance phase angle of a macs-leas
da:;per 18 0 deg.

The modulj data shown 1in Pi,. 4 were nor-
malized by body welight and plotted in Pig. 5,
varsus vidvration frequency. Sin:e the phase
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Pig. 6 Normalized whole bcdy coefficients of
elasticity and damping versus freqQuency for the
sitting, restrained primate

angle curves as shown in Pilg. 4 4id not appreci-
ably 4iffer batween the different size animals,
these data, for each frequency, were combined
without normalization. This figure thus repre-
sents the complex impesdance response cf &ny size
Rhesus monkay, in the sitting position, when vi-
brated vertically at 0.5 g from 2 to 30 Hz,

The curves of Pig. 5 represent mean values
as determined at each test frequency by twenty
data points. For each freqQuency 20 complex im-
pedance values were used in equations (3}, (&),
and (5) to solve for k and ¢. Therefore, for
each of the 15 different test fraquencles, 20
eets of k and ¢ were determined. PEach set repre-
sents the magnitude of elastic and damping coef- &-

{ciente which, when applied to the model of

Rlg. 2, resulted in & complex impedance response
which matched that experimentally measured at
that frequency. The average values ¢l k and ¢
thus determined ut each test frequency are pre-
sented in Fig. 6. The mean elastic coefficient
varies approximately directly with vibration
frequency. On the othar hand, the mean damping
coefficients exhibit a curve which looks similar
in shape to the impedance modulns plot of Pig.
5; however, the peak of tha damping coefficien:
curve 15 at 5 Hz rather than at 7 to 8 Hz.

The curves of PFig. 6, along with equation
(5), completely quantify the model presented in
Pig. 2., PFor computational purposes, valiues &f
k and ¢ from Fig. 6 were approxinated by threse
linear segments, as defined in Plg. 2, for the 2-
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dicted by the modnl of Pig. 2

to S-Hz, 5= to 10-Hz,; and 10- to 30-Hz reglons.
Complex impedance odtained from the model
1s compared in Fig. 7 with experimental results
for an accaleration amplitude of 0.5 g. Inasmuch
as these experinental data were used to obtaln
the frequency dependence of k and &, the excellent
fit to the dcatz verifies the validity of the com-
putational procedures.
The generality of the model is demonstrated
in Pig. B, where the calculated impedancm for
1.0 g acceleration amplitude ir compared to the
experimaental rasults from Subjects C and D. The
variation of the modulus as predicted by the model
provides a very good approximation to the experi-
mental results in botn magnitude and snape. The
impedatice phase angle from the model generally
falls within tie experimentally measured .iimits
for frequencies up to 1% Hz. Por 14 to 30 Hz
the phase angle predicted by the modnl is general-
1y about 10 deg higher than the upper limit of tne
experimentally determined values.

DISQUSSION

The object of this investigation was to es~-
tablish experimentaliy the impedance response of
the sitting Rhosus monkey during 9.5 and 1.0 g
vibration at 2 to 30 Hz, and to develop a model
which would predict an impedance clogely matching
that experimentally measured. The impedance
response of the mnodel (based upon the experimental-
1y derived coeffic1ents presentea in rigs U) very
closely matches that exyerimentally measured
during 0.5 and 1.0 g vertical vibration (Pigs.
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modulus varsus frequency for 1.0-g vibration of
primates C and D compared to that predicted by
the model of Fig. 2

7 and ©).

The model of Pig. 2 and its manner of deriva-~
tlion are somewhat novel, Although the model is
composed of linear elements, the elastic and
damping coefficients are defined to be functions
of vibration frequency. In addition, the ratio
of nonreactive {inert) to reactive mass in the
model is5 defined to vary directly with input ac-
celeration amplitude, and inversely with the
square root of vibration frequency. Thus for any
given acceleraticn intensity, rmost of the total
mass 1s inert at the lower froquencies, and be-
cones more reactive, or "sprung," as frequency ine
creases. Tnis is consistent with previous experi-
mental measurements whichi show the subject to
exniblt a "mass-iike" response at lower freauencies
and a predominant damning response at higher fre-
guencies. Por any guven frequency, increasing
the acceleration ampiitude increassas the amount
of inert, relative to total, mass. It 1s poctu-
lated that increasing the input intensity could
cause "bottoming" of certain suspended internal
organs (or "pauts") and that such a system would
thus respond in a more nonreactive manner at the
nigner intensities.

How well the model responds to input accel-
erationr, greater than 1.0 g reméins to be estap-
lished. It 45 interesting to compare the results
of Brcderson and Von Glerke (9) to those of the
preseat investigation. A wrole body eiastic co-
efficient of 51.7 1b/in. and a whole body damping
csefftotant of 0,686 1h-sac/in, were reported for
a 1.5 1b Rhesus monkey vibrated at 1.0 g. Thuse
figures were extracted by matching the equation
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for impedance modulus from the model of PFig. 1

to that exparimentally establiened during £- and
12-Hz vibration. The nodel of tha present study,
as shown in FPig. 2, yields (for a 14.5 1b Rhesus)
& damping coefficient of 0,812 1b-sec/in. and

an elastic coerficlent of 45.8 1b/in. (using a
10-Hz frequencyj. A favorable comparison, there-
fore, exists between these two models; however,
that of the present investigation, being darived
from both impedance modulus &nd phase anxle data
8t each frequency during 0.5 g vibratsion, yieslds
an exact match to the experimental data at 0.5 g,
but more importantly, responds te changes in ace
celeration in a mannar similar to those experi-
mentally recordod.

Future experiments are now planned in which
Rhesus monkeys will be vibrated at higher accelsra-
tion amplitudes for short periods of time at dis-
croete frequancies from 2- to ¥0-Hz., Temporal ef-
fects due to extended vidbration at given frequen=
cles will also be determined, and hopefully in-
corporated into the model.
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ABSTRACT OF THESIS

ANALOG CCMPUTER SIMULATION OF THE RESPONSE OF THE

CIRCULATORY SYSTEM TO WHOLE-BODY ACCELERATIONS

The closed-loop response cf the human circulars:i; system to
whole-body acceleration patterns of both constant and time-varying
periodic forms was simulated in this s:udy, 1ilt respocnses of the
cdeveloped model were first determined, In a head-up tilt cardiac out-
put decreased, and in a head-down tilt it increascd. ‘ne:., various
types of time-varying accnleration patterns with zero averape value
were applied to the model in a nonsynchronous manner (acceleration
cycle was independent of the hear: cycle). For sinuscidal aczceleration
patterns the model's aortic pressure and flow responscs exhibited
resonance in the 2 - 6 Hz frequency range, as has been cbserved experi-
mentally; with 3 G peak acceleration in tuls frequency range, peak
left ventricular ejection flow vate increased 75%, aortic pulse pres-
sure increased 330%, and stroke volume, on a per-cycle basis,
increased over 40%. However, cardiac output was not changed under any
applied acceleration pattern with zero average value, although {t was
changed with asymmetrical time-varying patterns (time-varying patterns
of zero average value cembined with a tilt). Time-varying acceleration
natterns were also applied in a s/nchronous manner. It was found that
medel responses effected by nonsynchronous accelerations producing
iong beat patterns could be reproduced synchronously,
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CHAPTER 1

INTRODUCTION

It has become evident that acceleratory stresses imposed on man
in many of his modern env{romments can have substantial effects on
cardiovascular function, Investigators have been exploring these
effects for some time, The first studies in cardiovascular response to
whole-body accelerations dealt primarfly with arterial responses to
constant acceleration patterns, such as those produced by centrifuges.
Later, arterial and venous responses were examined for prolonged
conntant scceleraticn patterns, as well as for constant patterns of
shorter duration. 7nu2, the importance of certain time parameters of
whole-body acceleration, such as ratz of onset of acceleration, duration
of acceleration, etc., became apparent, and time-varying accelerations
of various forms were imposed upon the cardiovascular systemlo. More
recently, the effects on the cardiovascular system of time-varving

dg'13 . These

accelerations of periodic nature have been investigate
studies have shown that certain patterns of whole-body accelcration can
produce profound changes in the circulation. For example, rome patierns
prceent stresses to the cardiovascular systcm which can drastically

reduce ctrokc volume, whereas other patterns may be used to assist a
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failing heart by increasing cardiac output., Primary emphasis in these
studies has been given to arterial responses. However, the earlier
constant-acceleration studies suggest that venous responses are also
an important part of the total cardiovascular response to whole-body
accelerations.

The purpose of this study was to analyze human cardiovascular
response to whole-body 2-axis accelerations by means of a closed-loop
analog computer simulat{on. The responses to both constant and time-

varying perlodic acceleration patterns were studied.
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CHAPTER 17

DEVELOPMENT OF THE MOLEL

The systemic¢ cliculation involves the movement of blood through
the left heart and high-pressure arterial system to the microcirculation
and the return of the blood from the microcirculation into the right
heart through the low-pressure venous system. The pulmonary circulation
returns the blood from the right heart to the left heart. The arterial
system has been studied extensively, and many arterial models, some
modified to account for whole-tody accelerations, have been

6,15,19

developed . Although some venous studies have been madé7. under-

standiug of the role of the venous system in cardicvascular response to
whole-body accelerations is not nearly as advanced.

The divisions into which the circulatory system has been separ-
ated in this study and their abbreviations, also used as subscripts,
are iisted below (see Fig. 4):

A. Heart and Pulmonary Section
1., Right Ventricle (RV)
2. Lungs (LG)
3. Left Ventricle (LV)
R. Arterial Sections
1. aortic Arch (AA)

2. Upper Artcrial System (UAS)

€-3 ‘
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3. Lower Arterial System (LAS)

4. Upper Capillary Bed (UCB)

5. Lower Capillary Bed (LCB)
C. Venous Sections

1. Upper Venous System (UVS)

2. Lower Venous System (LVS)

3. Right Atrium-Venae Cavae
Junction (RA")

Heart and Pulmonary Section

The equations describing flow through the heart and lung sec-
tions are similar to those used in an earlier open-loop model6. Con-
tractions of the ventricular sections were achieved by means of time-
varying lnverse compliances consisting of biased rectified sinusoids
operating at 1.25 Hz (75 beats/minute). The pulmonary section was
modeled as a linearly compliant element; its resistance was included

with the ventricular valve resistances.

Arterial Sections

The equations describing flow through the upper and lowcr
arteriai sectlons are similar to those used in an earlier model®. The
equations for flow throug:. "u1a2 aortic arch section have thc same form
as RLC L-section equations with the compliance parameter divided

between the ends of the section,

[ Ve
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The equivalent heights[1] determined by Camill6 for che upper

and lower arterial systems of standing man were modified ty the inclu-
sion of the ascending aortic arch section. This section's equivalent
height of 7.6 cm reduced the eauivalent height of the upper arterial
sygtem to 29.7 cm and increased the equivalent height of the lower
arterial section to 50.3 cm,

The capillary beds were represented as resistive elements in the

model.

Venous Sections

There are several venous system characteristics and external
mechanisms which affect venous system function. One outstanding feature
is the nonlinear pressure-volume characteristic, which enables the
venous system to contain a large volume of blood at a relatively low
preasure without being excessively compliant. These large volumes
become especially important when whole-body accelerations are imposed
8ince accelerations tend to produce volume shifts in the circulatton!V,

An empirical pressure-area relationship for a segment of vein

is shown 1in Fig. lAla. Assuming volume is proportional to area, the

rl]ny "height" is mecant the difference in elevation of the iwo ends of
a length of artery :n an applied gravitational ficld. The "cquivalent
helgnt" of a composite scction representing brancliing flow: raiscd to
different heights has heen shown to be the average height of the
branches weighted a3 their flow rates®: 10,
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slopz of this curve represents the compliance of a venous s2gment. In
the madel an approximation to this compliance curve was used to rupresent
th2 composite compliance of the venules and small veins in the uppzr
vensus system as shcwn in Fig. 1B aad described >y the following
equation:

\Y - \7
uvs  Oyys

Pyuys = ———— -
Vs Cuvs (-

where Vo represents the total unstressed volume of the systoem, or the
volume at whick the compliance changes value (see Appendix A). The
composite compliance of the lower venous systemwas represented likewise.
A second very important characteristic of the venous system is
venous valves, When accelerations which tend to reverse flow are
applied, the valves close and substantially impede backflow, thus
partially preventing venous pooling in the extremities. Physically,
these valves are located in some but not all of the venules, small
veins, and large veins. These valves were modeled by incorporating
fdea! valve models (ideal diodas) in the sections representing
equivalent venous flow (flow from the venules and small veins through
the lafge veins to the region of the right atrium)s. The ideal valve
models modify the flow equations, producing unidirectiona! flow towards

the right heart:

1 ’
v = T [[Puvs = Pra’ = QuusRovs 26, Q'uus >0
uvs (11-2)
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where QLVS represents bidirectional flow, which could occur during

accelerations if no valves were present, and Q;yg represents modified

or physiological flow. The analog computer representation of this

plecewise-1inear equation is shown in Fig. 2. The position of the

ideal valve in the circuit is at the end of the equivalent venous flow

section distal o the heart. 7This positioning corresponds to the obser-

vation that no anatomical valves exist in the venae cavae near the heart.
The third mechanism which affects vencus function is the ability

of some of the large veins to collapse under low transmural pressures.

Physiologically, this collapse phenomenon manifests itsel{ as a partial

collapsea’6

occurring locally rather than throughout an entire vessel,
Examples of this phenonenon include jugular collapse and partial
superior vena cava collapse upon standing and collapse of abdominal and

12 Therefore, thi- mechanism tends

leg veins in the head-down position
to prevent or delay large volume shifts due to acceleration of the blood
in the large veins. In the model, changing the resistance of a venous
flow section without changing its inertance, since both vary with volume
or croga-sectional area, is analogous to local partial collapse. The
resulting flow 2quation is of fthe same form as Eq. (I1-2) with Ryye
nonlinear as shown in Figs. 2 and 3; this step increase iu resistance

{s a plecewisec approximatior to the continuous collapse devirted in

14,17 Flow in the lower venous svstem was modified

earlier models
similarlv, (In Fig. 3 RN is the resistance for the case of n» collapsc,

E-8




: or "nonwal" flow resistance, and R is the resistance during local

partial collapse, which is produced by volume shifts due to accelera-
tion, The volume at which local partial collapse {s assumed to occur
| is Vo and is also shown in Fig. 1B.)
Alchough the external mechanism of muscle contractions and the
presence of negative intrachoracic pressure and its variations produced
by breathing affect venous function, these were not included in the

B
model for the sake of simplicity.‘l‘

However, they can be added if
desired.

Siqce the heart, lungs, and capillary beds were assumed to have
an equivalent height of zero, the equivalent heights determined by an
earlier ir.vest{gator6 {or the arterial system were used as the equi-
valent heights of the venous system; therefore, hypg = 37.3 cm and

h = 42,7 cm, where h indicates equivalent height. Acceleratory

LVS
stresses modified flw equations in those sections of the model which
had non-zerc equivalent height (see Appendix B).

The electrical equivalent circuit of the composite model is
shown in Fig. 4, and the corresponding parameter values are given in
Table 1. The polarities of the constant voltage sources in Fig. 4

represent a head-upward tile; for a head-downward tilt the polarities

arce reversed.,  Time-varying accelerations with zer:, average value are

1 .
‘= ‘These omissicns Luply that rhe extravascular pressurc ol the circula-

tory system is zcvo.
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i TABLE 1: Parameters of the Model
o RESISTANCE  INERTANCE COMPLIANCE
dyne-sec dyne-sec cm? x 10-6 OTHER
SECTION cm3 cm? dyne PARAMETERS
i RV Rpy = 20;
' Rpy = 10
i
16 € = 60,000
LV = 10;
\ Rv
Ryy = 20
AA Ryp = 48.2 Lya = 2 Craa = 600;
. i Cyaa = 600
UAS Ryag = 261 Lyas = 33 Cyas =316
"
' LAS Riag ® 525 Lygg = 5-33 Cypg = 552
b
I UCh Ryep = 4,000
- § LCB R‘Lc = 1,400
F B
i1l 4
‘ - =13 ¢ = 3,560 - v = 474 cc
. ! WS Ry 010 Tuvs uvs Ouvs o
™ \Y = cc
RCUVS 4,100 CUVS
i I (1] = 2,060
WS Ry =710 Lyyg =35 Cpyg = 15,000 Yo T
) Lvs
. = 2,000 cc
| l RCLVS & 35,000 CLvs
¢ RA/ Cpy = 91360
-
\ .
, TK . Co
‘ value of (inite compliancd
: [-11

GG 119 11 e

Iz
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j .
. represented by the sources phvw (see Appendix B). The analog computer
diagram of the compositc model is shown in Figs. 5 and 6; the digital

voltmeter readings of the coefficient potentiometers and the parameters

represented by the corresponding potentiometer sectting-amplifizr gain

products are given i{n Table 2, All pressures were scaled in mm Hg; all

other variableswere scsled in cgs units. The heart valves and their

abbreviations are tricuspid valve (TV), mitral valve (MV), pulmonary

1 valve (PV), and aortic valve (AV).
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TARLE 2.

Pot No.

00
01
03
04
05
06
07
08
09
1¢
11
1)
164
15
16
17
18
19
20
21
22
23

i1

or peak accclerations:

-

Analog Potentiometer Scttings
Their Corresponding Parametezo

Pot Sctting

anc

Parameter Represented

.666
.532
PR
187
.500
.083
.505
L3146
141
.820
L3112
.919
463
.063
. 200
133
.666
.598
.083
.083
201
.186

1
All acccleration potuntiometer gettings show are

L/Rpy
1egy Ry
L/Ryy
1/CLg
S.F.

VCyaatan

l/CUMLUAS

1/CUAALIAS
Acceleration(l]

1/Cga’ Lrys

Acceleration
Acceleration
S.F.

I/RMV

1/R

AV
Acceleration

£

1/CLAARAV

Acceleration

for 1 ©) constant

— e



TABLE 2 Continued

i Pot No. Potr Setting Parameter Represented
- 24 - .015 Blood Infusion[lj
F 3l 731
i .73 RUAS/LUAS
32
! : 950 1/CUAS
g 13 , ‘
101 Viyas
! 35 .084 1-/RUCB
! 36 843 1cyys 2]
| i 37 .256 Vlyyg
i 35 .392
f ” "epusLuvs
39 .199 v
] Oyvs
40 .190 Vo
‘ 41 L
.160 \
b 42 Crvs ﬁ
‘ 315 /L
| . Reyvs/ Luvs
. 4 .191 Veyus
46 985 Rpas/Lrae
47 .544 1/Cy 4
[ 48 .625 1/Las
50 .238 /R g 2 | ‘]
}‘ | 51 18 1/Cys
5 .
: 2 951 I/LL\: #
' 53 .203 RNLVS/LLVb i“‘
' 54 .028 I.C.
4
1] .
[ "Potentiometer 24 was used to produce a constant signal which was
presented to & volume integrator for a sufficient pertod of time tou
build up blood volume in the u,stem, Potentiometer 54 was used to set
volume integrator initial conditlons so that ov.rloads would not occur
before the system reached a stcady state. Together, these poatenrio- :
meters established a total syctem volume of 4,800 cc. 1
1
l2"l'hlﬂ potentlomoter represents the finite compliance of tac corre-

nponding venoun system,




CHAPTER TII

RESULTS OF SIMULATING CIRCULATORY RESPONSES TO ACCELERATIONS

Cor.gtant Accelerations

The model's response tc zero acceleration, simulating man in
the prone or supine position (all the blood vessels are assumed to lie
in the horizontal plane), is shown in Fig. 7. Only those variables of
the model which have a physfological counterpart are shown. On the
arter{al side thesc are left ventricular pressure (PLV). ejeccion flow

out of the left ventricle (QOLV), pregsgure in the lower aortic arch

(11

(PLAA)' volume of the left ventricle (v, ) , flow through the aortic

Lv

arch (QAA)' and pressure in the upper aortic avch (P The simulated

vaa)

pressure Pysp corresponds to aortic pressure just outside the left

ventricle; P corresponds to aortic pressurc at the junction of the

UAA

aorta and the carotid and aubclavian arteries. On the venous side the
variables shown are pressure outside the right ventricle or composite
pressure of the right atrium and large veins (PRA)‘ flow into the
right ventricle (Q:RV)' and pressure in the right ventricle (Pgy).

(1) ' _
In the model VLv = .(QILv - OOLV)dt = . QqLyvdt - .QULvdt. where OILV
1s flow into the left ventricle and the last intcgral represcents strole
volume (§V); since Qpuy and QULV always occurred in different portions
of the heart cycle, tne value of SV is the absolute ditference hetween :

end-diastolic Viv and end-systollc V.

t-17

A N s 1t i

J

-— A .



s

4 O

Left Ventricular
Pressure (mm Hg)

100
20
9]
L'eft Ventricular 600
Ejection Flow (cc/sec)
100
0
Lower Aortic Arch 105
Pressure (mm Hg)
15
0
180
. SV t
Left Ventricutar \
i12 .
Volume (cc) R ‘ .
.
20 - '
- |

Figure 7. Response of Model to Zero Acceleration:
Typical Simulated Pressures, Flows, and
Volume.
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st

Some of the physiological counterparts of these variables arc shown in

Fig. 8.

Model responses to zero acceleration which are not shown are
pressures and flows in the upper and lower arterial and venous systems
and in the lung sectfon. The upper and lower arterial systems '
pressures and flows were similar in detail to thosc gencrated by an

1 < 6
ear.ier, open-loop model”.
The volume distribution throughout the model with zero accelera-

tion is shown in the following table:

TABLE 3. Volume Distribution of the Model

Venous Sections Thoracic Sections Arterial Sections
uvs 580 cc RV 50 ce LAaA 81 cc
RA' 120 cc LG 620 cc Uaa 81 cc
LVS 3,000 cc LV 144 cc Uas 40 cc

LAS 71 cc

-

The total system volumewas approximately 4,800 cc.

The model's response to positive 1 G acceleration, simulating a
head-up tilt, is shown in Fig. 9. Responsc of the riodel to negative
1 G acceleration, simulating a head-down tilt, is shown in Fig. 10.

For a simulated head-up tilt, lung, ventricular, and upper
venous system volumes decreased, and lower venous system volume increascd,
The vnlume changes were quantitatively similar to chase ohscrved cexperi-

11

mentally in man ~. These effectswere reversed in a simulacted head-down

£- 20



i
i

"M

Pressure (mm Hg) Pressure

A. Pressures in Left Heart
(Berne and Levy "Cardio -
vascular Physiology"
Mosby Co. 1967)

B. Pressures in Right Heart
3
L. C. Ejection Flow From the
3 Left Ventricle (Berne and
§Q Levy "Cardiovascular
c 8 Physiology " Mosby Co.
o (967 )
S
2
w (30
Sl201r)
Lotiot D. Heart Volume (Berne and
o 100 Levy "Cardiovescular
E 904[ Physiology " Mosby Co.
= 80
og 70 1967)
Q
c 60
g
.a.-z; 2w
gg E. Inverse Compliance of the
:g R Heart
S E
[
> — —r=e ey
55 12348678910 Sec

Figure 8. Typical Waveforms Associnted witl. the

Heorts.

' 110 3PSl L, B B T u .

-— A o -



A )

J ——y

Left Ventricular
Pressure (mm Hg)

Left Ventricular
Ejection Flow
(cc/sec)

Lower Aortic Arch
Pressure (mm Hgq)

Left Ventricular
Volume (cc)

Right Atrial
Pressure (mm Hqg)

Right Ventricular
Inflow (cc/sec)

Acceleration (G's)

IIIJ’ ik

1" '
. ! IR L
0‘ e n, .' . U:’!V {!' : ..‘i ‘ “ j" ’ ’ ’

180 [

I Y M =
112 i el ,-, .
Ui g At

N B

Figure @ Response of Model to Simulated Head-Up Tilt.
£-22




|

(098/99)

(O6H ww)

mo| 4 uol}dal3 aunssaisd youy

10|NJAJUBA 1437

51110y 13m0

I
i

I Ullll

i‘l{?il

"

10. Response of Model to Simuloted Head -Down Tiit.

(bH ww) ® k
ainssaig (92) swnjoA (s,9) 3
IDJNDIIJUBA §337] DINJIIJUIA §jo7 UOI§D12]3DOY i

mes NS $SEEN TN WS e W




Y

pomemm  pames RIS puee

Lower Aortic Arch
Pressure (mm Hg)

Right Atrial
Pressure (mm Hg)

3 -
O -SDIVIS ON v L aNe
ANt D

350 = il

rill!!!lll L IHHIIIWHIH'IHIII H' ||| }[ m ﬂll ["]]

Right Ventricular
Inflow (cc/sec) 250 l”"m"m

01
0!

——O A
Acceleration (G's) ‘l

Figure 10. Continued

r 24

—



T~ - ’ A candf it

tilc. In the head-up tilt collapse of the upper venous segment between
/

UVS and RA did occur and Quys wes altered accordingly; however, in the

head-down tilt collapse of the lower venous segment between LVS and RA’

d4i4 not occur.

Nonsynchronous Time-varying Accelerations

Time-varying accelerations of periodic nature were applied to
the mocd:l in a nonsynchronous mamner. Nonsynchronous accelerations ave
those which are applied in a continuous mode--the acceleration pattern
{5 no% related to the heart cycle. This situation of two independent
ot.cillators was characterized by the production of beat pattcrnsrl] in
the flows and pressures in the model.

A typical response of the model to nonsynchronous time-varying
acceleration producing long beat patterns is shown in Fig. 11A, where
the acceleration pattern is sinusoidal with a peak amplitude of 2 G
and a frequency of nearly 1.25 Hz. Figure 11B shows a selected portion :

h.
of Fig. 11A recorded at a faster chart speed.

A typical response of the mocel to nonsynchronous time-varying

acceleration producing short beat patterns is shown in Fig. 12A, where

3 v
[I‘The period of a beat pattern is the length of time required for a :

nonsynchronous pertodic acceleration pattern to "drift through' the
heart cycle so that its occurrence, or timing, {n a particular hcart
cycle is similar to that in an earlier cycle. This timing can he
indicated by defining a parameter tp as the timc delay in williseconds
between the positive zcro crossing of acccleration and the initial rise
in the inverse compliance curve or pressure of the lelt ventricle.
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j the acceleration pattern is sinusoidal with peak amplitude of 3 G and

frequency of 3 Hz. An cxperimental response to this same acceleration

pattern is presented {n Fig, 1287,
Response of the model to nonsynchrcnous sinusoidal accelerations

of different amplitudes and frequencies is shcwn in Figs. 13A, 13B, and

13C, .he experimental variables are defined as follows:

(1) ¢&p maximum difference of pressure i{n the lower
aortic arch (PLAA) during any single excurston6’9

(see Fig. 12B).

MAX

‘ 2 : i
(2) QHAX maximum peak left ventriculgrgejectlon flow (QOLV)
during a single heart cycle®+’ (see Fig. 12B).

(3) Qurn: minimum peak left ventriculgrgejectlon flow (QOLV)
during a single heart cycle”:” (see Fig. 12B),

(4) SVHAX: maximum stroke volume of a single heart ¢ycle
(sce Fig. 12A).

(3) SVMIN: minimum stroke volume of a single heart cycle
(sne Flg. 12A).

g Response of the model to other nonsynchronous time-varying
l accelerations was alsc deterrined. For the case of square-wave

acceleration patterns, APMAX’ Max» MIN SVyax» and SVMIN curves were

) obtained which were similar to the ccrresponding curves presented in
Figs. 13A, 13B, and 13C but which had generally greater deviation from

control than the sinusoidal responses for any given G level.

A nonsynchronous asymmetric rectangular waveform of 1 G peuak

magnitude and a frequency of approximately 1.25 llz was applied to the

-
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mcdel[l]. Shown in Fig. 14 is the model's response to this waveform,

A selected portio. cf the slow chart speed is shown at a faster chart
speed. Note that SV is above the normal value of 68 cc for all
acceleration timings. For a 2 G rectangular waveform with pesitive and
negative portions of the same durations as for the 1 G case above, the
model's responses were similar to, but greater in magnitude than, the

1 G responses.

Synchronous Time-varying Accelerations

A tlme-varying acceleration pattern is considered synchironous
if {ts frequency is a fixed integral multiple of the heart frequency.
In thig {dealized situation no beat patterns result; i.e., each cycle
of the model's response {s identical to the previous cycle, once the
model reaches steady-state (usually after only a few cycles).

Several patterns of synchronous time-varying acceleration were
applied to the model. Shown in Fig, 15 is the response of the model
to synchronous sinusoidal acceleration of 1.25 Hz, 2 G peak amplitude,
and tp = 0 milliseconds.

Presented in Fig. 16 is the simulated stroke volume when

synchronous sinusoidal accelerations of 1.25 Hz and 1 G and 2 G peak

[l]ln the model an acceleration pattern with a non-zero avcrage value
is the same as a pattern with zero average value combined with a tilt.
The average value of this 1 G rectangular waveform is about -1/3 G,
corresponding to an approximatc 19~ head-down tilt.
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amplitude were applied to the model at various values of tp. The

simulated stroke volume obtained with square-wave accelerations of
1.25 Hz and 1 G and 2 G amplitude, in which t; wvas again the parameter,
was similar to that shown for sinusoidal accelerations in Fig. 16 in
the sense that stroke volume was never substantially diiferent from
that of zerv acceleration,

In Fig. 17 the model's response to a synchronous asymmetric
rectangular acceleration pattern of 1 C peak amplitude and tp = 760
milliseconds is shown. This rectangular waveform has the same positive

and negative durations as the nonsynchronous rectangular acceleration

pattern described earlier (p.Z28).
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CHAVTER IV

DISCUSSION AND CONCLUSIONS

Constant Accelerationa

In the prone position the arterial waveforms of the model are
similar to those observed physiologically. However, the model's peak
left ventricular pressure and mean left ventricular volume are higher
than those observed in man, whereas stroke volume and pulse pressure
are lover. Although the discrepancies could have been reduced by
reducing both the frequency and magnitude of the ventricular compliance,
a normal heart rate was first chosen and a magnitude of the compliance
was then selectad which compromised stroke volume and left ventricular
pressure accuracles.

The venous waveformas of the model do not match physiological
data as accurately as the arterial waveforms since such factors as
negative intrathoracic pressure, breathing, and right atrial contrac-
tions were not taken into account in the model. Thus, right atrial
junction pressure seems rather high, tut this pressure 18 a composite
presaure due to the extensive lumping of the model and its exact
physiolngical identification is not pessible. Towever, it is somcwhat

similar in waveform to right atrial pressure in man. The right

£- 40

[ Sl

R R TSN TR

L

T S




Skaliied

i)

ventricular pressure waveform can be made mure like its physiological
counterpart by decreasing the resting ventricular compliance, but this
change results in high initial flow into and out of the right ventricle.
Therefore, more steady flows were achieved at the expense of the right
ventricular pressure simulation,

Because the values of arterial compliance needed to reproduce
arterial pressure waveforms accurately in the model were much smaller
than physiological values, volumes were very low in the upper and lower
arterial sections. With linear compliances it is impossible to achieve
in a highly lumped arterial model the degree of simultaneocus accuracy
of preasure and volume possible in 3 more distributed model. If
arterial volumes were to be raised by increasing arterial compliance
in the lumped model, the arteriel pressure waveforms would lose much
of their characteristic variation. On the other hand, if volumes were
to be raised by increasing mean arterial pressures, serious inaccuracies
in pressure and flow waveforms throughout the model would result.

Since an error in arterial velume is a small percentage of the total
system volume, arterial volume accuracy was sccrificed for pressure
accuracy.

The above sftuation was clircumvented on the venous side of the
model by using piecewise-linear compliances, which providc large

residual volumes at zero pressurcs. ‘The parallel comblnation of many

-

[T




venous segments which have the pressure-volume characteristic depicted

in Fig. 1A (p. 7) would ideally contain a rather large volume at zero
pressure but would begin to resist volume Increascs once all the
segments have been filled to the point of distention. This observation,
together with the fact that large venous volumes do exist at relatively
low pressures although the venous system is not excessively compliant,
provided the basis for postulating an overall p‘:essure-volume relation-
ship cuch as that of Fig. 1B. 1In agreement with physiological observa-
tion, the upper and lower venous systems of the model contained most of
the venous volumez. The thoiacic volume of the model was low because
of the simplicity of the lung model. However, the venous and thoracic
volumes were similar to the general volume distribution obtained in a
more extensive mode117.

Since, in a head-up tilt, nervous regulation is involved in
adjusting the compliance of the physiolugical system (venomotor tone),
the eglopes of the pressure-volume relationships for the venous sections
of the model, which have no neural control simulations, were chosen to
result in volume shifts of proper magnitude11 and thercfore to repre-
sent compliance values averaged over all conditions of venomotor tone.

When a man stands up, aortic and left ventricular nrassures

and stroke volume tend to decrease; however, nervous controel changes




{n peripheral resistance and venomotor tone occur, tending to raise

theae quantities7'11'16. Still, cardiac output will be down by as

much as 20 percent because the decrease in stroke velume more than
offsets the increase in heart rate>. In the model changes {n peri-
pheral vesistances wem not simulated; therefore, in a eimulated head-
up tilt sortic and left ventricular pressures and stroke volume
decreasa to about 60 to 70 percent of their original value. These
responses are similar to those obtained in a more detailed model
operating with only one nervous control loop (heart-rate control)la,
but the percentage decreases in the detailed model were greater than
those in the model used in thiz study.

A major difference between simulated and physiological tilt
response occurred with right atrial pressure during a head-down tilt,
In the mbdel this pressure increcased, whereas {t has been consistently

10,11

found to decrease with a head-down tilt in man This apparent

limitation of the model was caused in part by the extensive lumping : %ﬁ'

of the upper venous system compliance, much of which was placed at
heart level (CRA') fn the model As a result, the shift in blood
volume away from heart level and the associated shift {in hydrostatic
indifference pointn irduced by a simulated head-down tilt were not
as large in the model as those that would be observed experimertally.

llowever, thi- limitatfon was an advantage in othcr ways. Both the
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model and anesthetized animals® showed increases in stroke volume and
lower venous system flow under conditions of head-down tilts. In the
model, increased stroke volume can be related directly to increased

P.,s, which should cause in sequence increases in right ventricular,

RA
pulmonary, and left ventricula: pressures and volumes, These increased
pressures and volumes should bring about increased stroke volumzs sir.
the inverse compliance curve of the left ventricular model 1is invariant
under postuval changes, In the animals, neurally-controlled changes
in peripheral resistance and venomotor tone, heart rate, and ventricular
compliance prohably occurred, more than offsetting the decrease in
right atrial pressure . .d resulting {n a net increase in stroke volume,
Excessively large volume shifts related to large acceleratory-
induced pressure changes on the venous side of the modcl were avoided
by using plecewise-linear resistances to reduce flows under those
conditions. These discontinuities simulated the increase in resistance
to blood flow that occurs physiologically when local partial collapse of t
large veins occurs as, for example, during a head-up tilt.
Elucidation of the model's responses to tilt experiments 1le
provided by examination of the heart-lung section of the model. It
appears that change in mecan flow rate through the simple herrt-lung
section 18 determined by the change in mean right atrial pressure

/) together with the chang2 in mean pressure outside the left

(Ppa
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ventricle (PLAA)’ For example, if PRA' is held constant while PLAA
is decreased, ilow rate through the heart-lung section will increase
(as has been observed in an open-loop model® with head-up tilt); or,
if PRK is held constant and PLAA increased, flow should decrease.

Connversely, when PLAA is held constant and PRA' is allowed to change,

the flow should decrease if PRA' i{s decreased and increase Lf P_,, {8

RA

increased, Now, consider postural changes in a closed-loop model
where both Prs’ and PLAA change. In the head-up tilt, where Pex
decreased 367 and Py aa fdecreased 257, strcke volume decreased 387%. In
the head-down tilt, where PRA' increased 34% and PLAA increased 287,
stroke volume increased 32%. 1In all the preceding cases it is seen
chat stroke volume of the model vaiies with right attial pressure; in
addition, if a linear dependence of stroke volume on PRA’ and PLAA is
assumed, it is found that the influence of Pp,s on stroke volume 1isg
about twice as great as the influence on PLAA' Thus, in the model
constant accelerations affect mean right atrial or filling pressure,
which 1in turn affects gtroke volume, The {importance of the effect of
postural changes on right atrial pressure hes also been recognized in

physiological studies’.

Time-varying Accelerations

Comparisor of Figs. 124 and 128 shows similarity between prea-

toin the mude! fuor simulated sinusoidai

-
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accelerations and responses obtained experimentally with whole-body

sinusoidal accelerations. Also, the APHAX and peak Q curves of Figs.

13A and 13B seem to match experimental date®

more closely than these
curves produced by an open-loop model6 because the curves of Figs. 13A
and 13B have a wider frequency vesponse. Thus, there is fairly good
qualitative and quantitative agreement between the model investigated
in this study and experimental results. However, these agreements must
be viewed in light of the fact that although the simulated accelerations
were applied directly to the model, che experimental accelerations may
be modified by the unknown transfer function between the shake table

and the cardiovascular system.

The response of the simulated stroke volume (Fig. 13C) indicates
the fact that for any particular sinusoidal ecceleration pattern, stroke
volume was enhanced during one portion of the _eat pattern and diminished
for the other portion of the beat pattern in such a way that cardiac
outpu: was about the same as for zero acceleration. In addicion, at
multiplea\of the heart frequency, stroke vnlume was near control through-
out the length of the beat pattern.

Although the square-wave acceleration pattern effected great
changes in pressures and large peak flow rates in the model, it did not
Increase cardiac output at either 1, 2, or 3 G peak amplituics. As in
the case for sinusnidal acccleration, simulated stroke volune was first

enhanced and then decrcased within a beat pattern in such a way that

cardiac output did not increase.
v 46
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The rectangular waveform in Fig. 14 provides an excellent
example of simulated stroke volume when the acceleration pattern was
asymmetrical. The figure shows that for time-varying acceleration
patterns cardiac output could be changed using an asymmetrical pattern.
It is also seen that this pattern resulted in increased mean right

atrial and lower aortic arch pressures, which is similar to the results

obtained for constant accelerations in a head-downward tilt, Thus, it
‘ m1y have been the tilt that produced the increased filling pressure and
increased cardiac output.
Comparison o Fig. 11B to Fig. 15 and Fig. 14B to Fig. 17
i i{llustrates a8 result that was consistently found in this study; that is,
the simulated responses of the model occurring at a particular timing of
an acceleratory pattern which was producing iong beat patterns could be
% reproduced synchronourly by using the same pattern and timing. Synchro-
nous accelarations at heart frequency and multiples of hLeart frequency
were used and, in all cases examined, reproduced the responses obtained
with nonsynchronous acceleration of corresponding pattern and timing.
These results indicate that any transient responses resulting from
acceleratory timing changes were of relatively short duration.
Because of ineriial effects the responses of the mndel to
simulated time-varying acceleraticns were more difficult to analyze

than the responses to simulated constant accclerations, However, some
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i observations were consistently evident. For example, when the direction
of acceleration of a square wave pattern shifted to headward, the initiai

response in P (lower aortic arch pressure) was a slight rice, indi-

LAA
| cating a shift of blood toward the heart in the ascending aortic arch

i section. Since this section had a smaller inertance and was closer to

the left ventricle than the other arterial sectiors, it determined the

! intcial response of PLAA' The length of this secction (7.6 cm) limited
! the magnitude of the rice. The initial rise in PLAA was followed by a
- considerable drop, corrcsponding to a shift of blood footward (away from
3 the heart) intc the lower arterial system, reducing volume and therefore
l pre-sure in the aortic arch. After a longer interval, PLAA increased to

near original values as the blood in the relatively high-inertance upper
arterial system shiftnd footward (towsrd the heart). This aortic refill-
ing may have been assisted by backflov from the lowe- arterial section[ll
These effects were reversed when the direction of acceleration +hifted

to footward. With sinusoidal accelerations similar cifects were present
but were often aot as cvident because thic acceleratory pattern tended to

smooth the inertial effects much more than a pattern with abrupt changes.

{11

“The oscillatory frequency of the step responsce of the lower arterial
section was about twice that of the upper section, so tha*, cCepending
on the initial conditions imposed on the sections by previuus accelera-
tion, the second oscillatory half-cycle (fli-t compliant rcaction) of
the lower section may have occurred during the ficst oscil.atory half-
cycle (primar. incrtial respon e) of the upper scction.

.48
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From the preceding discussion it is evident that if left ven-
tricular ejection is to be enhanced by modifying aortic pressure in
the model, an acceleratory pattern must be chosen which optimizes the
inertial effects of all the arterial sections, In this study some
symmetrical acceleratory patterns increased peak left ventricular
ejection flow rate by nearly 100% for a portion of the usually long
beat nattern (Fig. 13B). However, these patterns did not produce
mazimum stroke volumes; rather, maximum stroke volumes occurred at
acceleratory frequencies producing short beat patterns (Fig. 13C).
Heart cycl2s with large stroke volumes were preceded or followed by
cycles with low stroke volumes. As a result, over a beat period
cardiac output remained aboucr the same as for zero acceleration. Thus,
with symmetrical accelerations large peak ejecticn flow rates could be
produced synchronously, but increased cardiac output could not be sus-
tained, With an asymmetrical acceleratory pattern increased cardiac
output was sustalned although peak left veniricular ejection was not
maximlzed (Figs. 14 and 17). Therefore, optimization of the inertial
effects of the arterial system may not result in {ncreased cardiac
output,

The data obtained in this study do not iudicate tihat zero-mean
accclerations caused sustained increases in right atrial pressure.

This observation might partially explain why increased cardiac output

E- 49
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did not occur with symmetrical acceleratory patterns, since cardiac
output varied with mean right atrial pressure under applied constant
acceleration. Although time-varying accelerations combined with tilts
did increase mean right atrial pressure and cardiac output, it is not
evident that the time-varying patterns were responsible for these

changes.

Variation of Model Parameters

In the nonlinear venous seci.ons of the model three parameter
values have not been identified physiologicaily; these are VO' VC’ and
RC (Chapter II). The value of Vg of a section was chosen in conjunc-
tion with the value of finite compliance to give approximately normal
operating velumes and pressures in the prone position. The value of
Vo helped to determine the amount of volume a section would lose due
to susterined acceleration, The parameter R, determined how the flow
was curtailed to prevent excessive volume loss of a section. With
constant accelerations the system responded in an overdamped manrer
with large values of Rg and in an underdampcd maenner with relatively
small values of R.. Thus, for a simulated tilt, RC could be adjusted
so that the steady-state equivalent flow through a venous section was

almost constant, as with zero acceleration, or exhibited flutter,

which is characteristic of flow through a vertical collapsible tube

12
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The acceleratory patterns which invokedRC and the infinite

compliances were constant accelerations or r.me-varying accelerations
of low frequency. For example, with sinusoidal acceleratory patterns
of 1, 2, and 3 G's peak amplitude and frequencies from 0.5 to 10 Hz,

VUVSSVOUVS for all frequencies below 1.5 Hz and RCUVS was invoked only

by the 1 G, 0.5 Hz pattern. For the sinusoidal patternc above and all

other acceleratory patterns in this study, VL >V in all cases and
VS OLVS

RC was never 1nvoked.
LVS

Variation of the phase between the simulated right and ieft
ventricular contractions {p. &) did not appear to change the model's
responses to accelerations, Pressure and flow responses to simulated
acceleratory patterns with ventricular contractions in phase were
identical to those responses obtained with ventricular contractions
180° out of phase. The inverse compliances simulating ventricular

contractions uscd in this study are presented in Fig. 18.

for
Conclusions :

Some of the major conclusions drawn from this study are:

1. Simulated tilts produced sustained responses in cardiac output: in
head-up tilts cardiac output decreased, in head-down tilts it
increased.

2. Simulated zero-mean time-varying accelerations did not change cardiac

output, although they did change peak left ventricular ejectinn flow
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Figure (8. Simulations of Ventricular Contractions in
the Model.
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rate by 757% and aortic pulse pressure by 330%. On a per-cycle

basis, atroke volume was also changed by 40% or more.

A simulated head-down tilt combined with a zero-mean time-varying
acceleratory pattern did produce increased cardiac output,

The model's aortic pressure responses to zero-mean sinusoidal
accelerations exhibited resonance in the 2 - 5 Hz frequency range,
and the peak aortic flow responses were most extreme in the 2 - 6
Iz cange. Resonance of these quantities in these frequency ranges
has also been observed experimentally9 and in an open-loop mode1®.
Model responses effected by nonsynchronous time-varying accelera-

tions producing long beat patterns could be reproduced synchronously.

Recommendaticns for Improvement of the Model

il "

1.

Active right atrfum. This study has shown that the effect of
accelerations on right atrizsl pressure is important; therefore,

the timing of accelerations with respect to venouc sytem events

may be an important factor im changing cardiac output. The sensi-
tivity of cardisc output to right atrial pressure in the model
indicates that the timing of venour acceleration with respect to
right atrial contraction may modify cardiac output.

More detailed puimonary model. This addition should produce bettar

tilt responses in the model since the lung i5 known to have an

£-53
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equivalent heig}tlo

and might produce sustained changes in cardiac
output with zero-mean time-varying acceleration.

3. If the inclusion of (2) results in sustained changes in stroke
volumne with 2ero-mean accelerations, the timing of left ventricular

filling pressure is probably important ancd an active lef* atrium

would be desirable.
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APPENDIX A

The inclusion of a plecewise-linear pressure-volume character-
istic, postulated for the upper and lower venous systems of the model
investigated in this study, could conceivably introduce error into the
performance of the system in the following way. Consider the plecewise-

linear pressure-volume relationship

V = PC (A-1).
The derivative of Eq. (A-1) with respect to time {is

dv - CdP  PdC

E? 5? + 5? (A-2)

vhere %% represents the difference between flow in and flow cut of a
section, Since C may be discontinuous in time, the lsst term in Eq.
(A-2) may be impulsive in nature if the discontinuity in C occurs at

P # 0. If volume were computed by direct integration of Eq. (A-2),
step changes could result in system volume, an undersirable condition.
However, volumes were computed in this study in such a way that discon-
tinuities did not occur, as can be argued by considering Fig. 5 (p ).

1f a step change in VUv or Viyg 18 assumed, it would be integrated

S
and produce a continuous feedback flow signal; thus, the assumed step

change in volume must be a consequence of impulsive flow from the
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preceding section of the model. However, flow from the preceding section

cannot be impulsive even with a step change in volume I{n that section

because a step change in volume would produce a step change in pressure

and therefore, at most, a finite discontinuity in flow., Applying this
dv

reasoning to all model sections shows that the impulsive —— required

de

to produce a discontinuity in volume was not generated in the analog

model.
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APPENDIX B

In order to determine the effect of external forces upon a
composite scction of flow ia the model, consider the axfal acceleration
of a rigid ibe of length h and cross-sectional area A in which a
Newtonian fluid subjected to an axial component of gravitationsl
acceleration g and an axial pressure gradient (P, - Pz) is undergoing
laminar flow (as in Fig. 19A). A force balance for this section can

be written

(Py - Pp) A - W= Faml+ iy, (B-1)
vhere: V = mean velocity of blood with respect to wall,

Vw = velocity of wall with respect to Newtonian frame,

W = weight of fluid in section, and

F = viscous forces.

Since W = phAg, where p is fluid density, Eq. (B-1) becomes
Yl 5 .
V= .'-;h—A [(Py - Py)A - phAg - phAV,, - Fidt (B-2)

when rearranged and integrated to solve for V. If the viscous forces,

F, are assumed proportional to the velocity, V, then

> 1

KV Rf
= A =ﬂ=w, (B‘B)
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where Q = VA is a volumetric flow rate and R = i% is interpreted as the
fluid resistance of the section, Making these assumptions and express-
oh
ing L = A as the inertance of the section produces the follow.ng mod{-
fication of Eq. (D-2):
‘\

L1 ;
Q L [P1 - P2 - ph(s + V) - OR Jdt . (B-4)

For a section in which V is in the negative Z-direction (Fig. 19B),
0= (P P+ ph(y, + V ]
L Py ot (s W) - WRlde. (B-5)

From Eqs. (B-4) and (B-5) th2 effect of external forces upon
a composite section of flow is to medify the flow by instantaneously
increasing or decreasing the pressure gradient depending upon the
instantaneous directions of the external forces and the direction of
the flow. Since accelerations appear as pressure modification terms in
the model, they were simulated by series voltage sources in the RLC
vascular sections (Fig. 4). The polarities of all sources for all
acceleration patterns were determined from Eqs. (B-4) and (B-5).

The effect of the earth's gravitational force was simulated in

this study by the conditions of Qw = 0 and

(a) g = 0 G (prone position)
(b) g = +1 G (head-up tilt)
(c¢) g = -1 G (head-down tilt)

The effect of time-varying whole-body accelerations was simulated by

“ e _armmend ~ ol o semrtm€mear sid b o acsmmanns aralias
5 - oG anda ‘v'w a tiluc-vur]{.ub pc:ivdg\, waveiorm Wit SlT0 avilagt veluw.
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, The combined effect of gravitational and time-varying accelerations was
1 .
’ simulated by g = - 3 G (an approximate 19° head-dcwn tilt) and Vy a

b ! time-varying periodic waveform.

s i)
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